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Abstract 
 
Sustainable development (SDEV) aspects are increasingly becoming an integral part of 
managerial discourse in different industries. Stakeholders realise that long-term success is 
profoundly dependent on a balanced treatment of the Economic, Social and Environmental 
responsibilities through the lenses of the “Triple Bottom Line” (TBL) framework. As SDEV 
is becoming more vital for organisations, dealing with its challenges is also becoming more 
complex and costly. Modelling and Simulation (M&S) techniques could be valuable in 
providing understanding and insight for coping with systems that have high levels of 
complexity and uncertainty; However, findings of this research show that the empirical 
research in this area is still in its infancy; particularly, within the context of healthcare sector. 
The majority of existing studies are predominately focused on the productivity factors, while 
social and environmental elements are ignored in system modelling.  
 
Systems with SDEV characteristics (defined in this thesis as TBL-based systems) can be very 
complex and uncertain, particularly in healthcare, as they combine various subsystems 
comprising numerous elements and stakeholders with diverse interests. Thus, this research 
shows that developing models to respond to these complexities requires insight into the 
characteristics of SDEV and sustainable systems, alongside a major rethink of studying 
sustainability beyond existing modelling disciplines. To address these issues, this research has 
developed a comprehensive M&S framework for TBL modelling, to guide modellers in 
developing models for SDEV analysis of healthcare systems. It is argued that this framework 
could cater for all requirements and characteristics of TBL-based systems, thereby attempting 
to reduce the gap between TBL-based systems and the current capabilities of M&S methods. 
The framework is evaluated through existing case studies in a healthcare context, which are 
then extended to incorporate SDEV characteristics using the TBL framework. The lessons 
learned from the evaluations were used to make further amendments and revisions, leading to 
the final framework.  
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Glossary 
ABS: Agent-based Simulation. 
ACD: Activity Cycle Diagram. Activity-based diagram is a natural way to represent the 
logical and temporal relationships among the activities within the underlying system.  
CATWOE: CATWOE is one of the best-known Soft System Methodology tools used to 
define the system to facilitate a discussion between stakeholders of their requirements. 
CATWOE is the acronym for Clients, Actors, Worldview, Owners, and Environment.  
CLD: Causal Loop Diagram. In the System Dynamics, a CLD is a simple method to map of 
system of interest with all its constituent components that visualises the interrelations and 
interactions between different variables in the system. 
CSR: Corporate Social Responsibility. CSR is a form of organisational commitment to behave 
in a way that accounts for the social and environmental impact created by the business.   
Hybrid M&S: Hybrid Modelling & Simulation. Hybrid M&S is the deployment of joint 
simulation techniques in an integrative way, where both approaches collegially and 
harmoniously improve each other’s capabilities and reduce limitations by sharing information. 
MHM: Multi-level Hybrid Simulation. MHM is defined as the capability of implementing 
and analysing the appropriate parts of the TBL-based model at different levels of abstraction, 
which is required for corresponding to the question being answered for the SDEV analysis 
MHSF-TBL: Multi-level Hybrid simulation Framework for TBL modelling. 
MM: Mathematical Modelling. Mathematical Modelling is simulation technique that uses 
mathematical notations and relationships between variables to model the behaviour of a 
system. 
OPD: Outpatient Department.  
ORMS: Operations Research Management Science. 
Productivity-based Models: An M&S model that has only considered the productivity related 
factors (i.e. economic factors) in the model and ignores the impact of social and environmental 
factors on the system. 
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QSD: Qualitative System Dynamics. QSD is a subset of SD which is a usually applied as a 
qualitative conceptual modelling method for high level analysis of the systems 
SD: System Dynamics. 
SODA: Strategic Options Development and Analysis 
Soft Hybrid Format (hybrid M&S Study): It refers to studies that apply methods from 
disciplines like Operations Research, Systems Engineering and Computer Science to one or 
more stages of a modelling and simulation study. 
SOM: Sustainable Operations Management. Incorporation of sustainable development 
discipline into the operations management concepts.  
SSM: Soft system Methodology. SSM is a problem solving method that provides a systemic 
approach to tackling real-world problematic situations 
SDEV: Sustainable Development. 
TBL: Triple Bottom Line Framework. 
TBL-based Model: A model holds the characteristics of the TBL framework. A model, which, 
besides productivity, has been developed to analyse a sustainability of the system against TBL 
framework. 
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Chapter 1: Introduction 
In the past decade, Sustainable Development (SDEV) has been among the fastest-growing 
areas of research activity. It is well documented that the international community is facing 
drastic environmental challenges related to climate change and global warming. Findings from 
research studies indicate largely that such obstacles are the outcome of irresponsible human 
actions; particularly, at industry and corporate level (Welford, 2013; Reid, 2013; McDonough 
and Braungart, 2002). Therefore, it is unsurprising that, during the past two decades, there has 
been a significant increase in the need to reduce the extent to which organisational activities 
impact negatively on society and the environment. Consequently, industries have begun to 
instigate some changes, as SDEV issues have gained more prominence in all sectors of society 
(Atkinson et al. 2014). 
  
There is increased awareness among industries that their success depends heavily on a 
balanced treatment of their economic, social and environmental responsibilities with respect 
to their strategic priorities through the lens of the “Triple Bottom Line” (TBL) (Gimenez et al. 
2012). SDEV in organisational context can be measured and managed only through the lenses 
of TBL (Elkington, 2004). TBL is a framework that guides organisations to harness the 
aforementioned responsibilities towards achieving sustainable success (Aaras and Crowther, 
2013).  
 
SDEV is important in the healthcare sector, with relevant activities having substantial 
environmental and social impacts. In England, the healthcare sector is responsible for 
approximately 5% of the country’s Green House Gas (GHG) emissions (NHS 2012). In the 
USA, around five million tons of waste per year and a spend of USD 8.3 billion on energy 
annually are attributed to healthcare (Singer, 2010). Greater demand for healthcare services 
combined with the need to make major cost savings mean even greater challenges to 
sustainability in healthcare (NHS 2009); moreover, if these are not met, there may be a 
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spiralling negative effect on society and patient care (WHO 2012). Therefore, in order to 
respond to these challenges and address recently introduced international and local rules and 
regulations on SDEV, healthcare decision-makers are required to shift their management 
discourse towards SDEV discipline (Lafferty and Eckerberg, 2013). Thus, similar to other 
industries, modern healthcare reforms are required to be financially, environmentally and 
socially sustainable in order to address the additional constraints of financial resources 
shrinkage, pressure to reduce the environmental impacts and demand for improving the quality 
of healthcare services.  
 
As SDEV is becoming more vital for all industries, overcoming the barriers is also becoming 
more complex and costly. Computer simulation could be a valuable tool for studying systems 
with high levels of complexity and uncertainty (Robinson, 2007). Modelling and Simulation 
(M&S) lends itself to conceptual representation of a system of interest and its implementation 
through a computer model, and to further use the computer model to experiment with strategies 
for improvement (Tolk, 2012); as such, it is arguable that M&S could play a pivotal part in 
addressing SDEV issues, since it allows the organisational stakeholders to “experiment” prior 
to “implementation” (Winsberg, 2010; Mustafee and Katsaliaki, 2015). However, this research 
contends that the empirical research in this area is still in its infancy in the context of 
healthcare. Most of the existing papers in this area of research are from the Journal of 
Simulation special issue (published in May 2015), which is devoted to modelling for 
sustainability in healthcare (Mustafee and Katsaliaki 2015). 
 
The main reason for developing simulation models for SDEV analysis is to assist decision-
makers in analysing the social, environmental and economic impact of their strategies before 
making any decisions or implementing any changes in the organisation. Systems with SDEV 
characteristics (defined in this thesis as TBL-based systems) can be very complex and 
uncertain, particularly in healthcare, as they combine various subsystems comprising 
numerous elements and stakeholders with diverse interests. Thus, this research argues that 
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developing models to respond to these complexities requires insight into the characteristics of 
SDEV and TBL-based systems, alongside a major rethink of studying SDEV beyond existing 
modelling disciplines. To address these issues, this research, initially, takes a step back and 
introduces the TBL-based system, rediscovering its unique characteristics from the M&S field 
perspective. Subsequent to this, the research proposes a comprehensive M&S framework to 
guide the modellers to develop the model for SDEV analysis of healthcare systems.  
 
1.1 Problem Statement and Research Question 
As attention to the SDEV discipline is rapidly becoming vital for industries, dealing with its 
challenges is becoming increasingly complex and expensive (Welford, 2013). Computer M&S 
can provide stakeholders with a decision support tool to analyse the trade-offs associated with 
the implementation of SDEV solutions (Mustafee and Katsaliaki, 2015).  
 
M&S studies have been used widely in industry to gain insights into existing or proposed 
systems of interest (Katsaliaki and Mustafee, 2011; Jahangirian et al., 2010). However, the 
literature review conducted for this research reveals a dearth of empirical research on 
integrating sustainability factors with modelling within the healthcare context (Fakhimi et al, 
2013). Existing studies focus predominantly on productivity-related measures to evaluate 
system performance. However, this will not lead the organisations towards sustainable success 
as they are ignoring the interconnected impact of their social and environmental on the success 
of short and long-term productivity. Therefore, a central argument presented in this thesis is 
that this predominant focus of M&S studies on productivity (economic efficiency factors) 
needs to be changed. 
 
The TBL-based model discussed in this research refers to an ideal model, which, besides 
productivity, has been developed to analyse a sustainability of the system against TBL 
(Economic, Environment and Society) framework. To the best of the researcher’s knowledge, 
there is no developed M&S framework for developing the TBL-based model using step-by-
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step guidance for the healthcare sector. As such, a framework that could assist modellers to 
develop a reliable model that recognises SDEV dimensions. Hence, the main focus of this 
research will be on developing a generic M&S framework for SDEV analysis. It is argued that 
this framework could cater for all requirements and characteristics of the TBL-based systems; 
thereby closing the gap between the TBL-based system and the capabilities of the M&S 
methods. This framework will be evaluated for TBL modelling in the healthcare context.  
 
In the context of this research, the framework is defined as a guidance that provides an essential 
structure underlying a system. There are many reasons why researcher is more concerned with 
developing a framework rather than developing a TBL-based model. A standard framework is 
needed as it will reduce the complexity of model development; thereby facilitating the 
modelling process (Tako and Kotiadis, 2015) and increasing the chance of reusability (Pratt et 
al., 1991). Moreover, a standard framework could aid the modellers to consider all the key 
steps in the development of models. This will ensure non-expert healthcare and SDEV 
stakeholders can engage actively in the model development process. On the basis of this 
argument, the following research question arises: 
“How could a viable TBL model be developed using an appropriate modelling and simulation 
framework, which would support both operational and strategic decision making and reduce 
the existing complexities, in analysing sustainability of systems in a healthcare context?” 
 
1.2 Aim and Objectives 
As outlined in the section 1.1, a model for SDEV analysis must be able to cover all the criteria 
and characteristics for a TBL-based system. As gleaned from the literature, despite the 
necessity of involving SDEV disciplines in all management decisions, developing a model that 
considers all TBL is a holy-grail for modellers. This research argues that rather than 
developing a TBL-model itself, it is essential to develop an M&S framework that will facilitate 
the TBL modelling. The framework would eventually provide guidelines for modellers in 
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order to develop the model for SDEV analysis in healthcare context. Therefore, the aims of 
this research are:  
1) To develop a comprehensive understanding of literature in Sustainable Operations 
Management and TBL-based systems with the objective of enabling sustainability analysis 
through M&S. 
2) To develop a framework which guides the modeller in building simulation models including 
TBL features in the healthcare context. 
Towards these aims the following five objectives will be met.  
 
Objective 1: To investigate the existing knowledge of the SDEV, TBL-based systems and 
challenges of TBL characteristics in systems modelling (this is in relation to aim 1) 
This objective is to gain in-depth understanding of existing knowledge that has been generated 
in terms of SDEV and TBL framework. The effort has been made to explore the characteristics 
of the SDEV and TBL-based system in various industries.  
 
The knowledge gained from these reviews will help the researcher define the criteria for the 
TBL-based system. These criteria will be used to identify the challenges of using a systematic 
approach for SDEV analysis, the knowledge gained from this study will lead the researcher to 
understand why application of M&S techniques for SDEV analysis has become a holy grail 
for the modellers.  
 
Objective 2: To investigate the methodological aspects in specific M&S techniques that 
lend themselves to modelling particular aspects of the TBL system (this is in relation to 
aim 1) 
To achieve this objective, the discussions review will be enriched by knowledge of applying 
M&S techniques to the healthcare context, particularly in the UK. To achieve this objective, 
the researcher will also explore the existing studies to gain a comprehensive and synthesised 
view of M&S techniques that have been used previously for: a) healthcare modelling; and b) 
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sustainability analysis. These reviews will be conducted to understand the definitions, 
assumptions, conceptualisations and implementation constraints of this emerging field. In 
addition, the research takes a three-legged integrated approach: a) problems; b) systems; and 
c) methodology to analyse the TBL modelling. An informed discussion will be conducted on 
the suitability of specific simulation techniques in meeting the competing metrics and 
characteristics of TBL-based systems. The criteria for an ideal TBL-based model will be 
mapped with the capabilities of the M&S approaches in order to identify the most appropriate 
modelling technique for TBL modelling.  
 
Objective 3: To propose a TBL-based hybrid modelling framework for sustainable 
development analysis in order to further the field of M&S in healthcare (this is in relation 
to aim 2). 
As mentioned in Objective 2, there is no comprehensive framework that provides a step-by-
step guide for modelling a TBL-based system in the healthcare sector. Therefore, based on the 
exiting SDEV and M&S literature, various frameworks or empirical studies from different 
domains will be reviewed. This review aims to develop an inclusive framework as a guidance 
for TBL modelling. The outcome of this objective will be a generic framework for SDEV 
analysis in order to analyse the model and monitor the system against TBL disciplines. 
 
Objective 4: To utilise and evaluate the proposed framework for TBL modelling (this is 
in relation to aim 2). 
In realisation of this objective, a framework will be developed (referred to the ‘generic multi-
level hybrid M&S framework for sustainability analysis’, or MHSF-TBL for short; see 
Chapter Three). The MHSF-TBL will be developed and proposed based on several literatures 
that have applied M&S to various areas, especially the healthcare context. Therefore, to 
analyse effectiveness and limitations of the MHSF-TBL within the healthcare context, the 
framework will be evaluated, using two healthcare case studies.  
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The application of MHSF-TBL framework proposed in this research is grounded in two 
purposes: a) to inform a model that has already been developed; and b) to develop a new model 
for sustainability analysis. However, the focus on framework evaluation will be on the former 
(1st application setting). Therefore, informed by literature review and a comprehensive study 
on commonalities between TBL-based models, the framework will be evaluated through case 
studies to investigate the application of MHSF-TBL for TBL modelling within the healthcare 
context. Reflections from this evaluation will provide the basis for modifications and revisions 
on the MHSF-TBL. 
 
Objective 5: To revise the TBL modelling framework (for the healthcare domain) 
The outcome of this objective is to use the knowledge gained from evaluations to refine the 
framework and propose the final MHSF-TBL for TBL modelling within the healthcare 
context. It is expected that by meeting these five objectives, the aims of this thesis will have 
been realised. 
 
1.3 Research Methodology 
The selection of appropriate research methodology will facilitate the achievement of the 
research aims and objectives, and ensure the soundness of the research outcome (Cooper et 
al., 2006; Jonker and Pennink, 2010). However, a research methodology should be a rational 
and logical framework, and should not dominate and limit the overall research procedure (Irani 
et al., 1999; Myers, 2013). Furthermore, the research methodology will aid the researcher to 
understand the research implementation process and can provide a set of cognitive rules from 
which a scientific inference can be drawn (Eldabi, 1999). This section outlines the research 
methodology in order to achieve the aforementioned objectives (Section 1.2). Moreover, it 
explains the rationale for selecting the research approach used for this thesis. 
 
According to Mir and Watson (2000), “Philosophy of Science” is considered a central notion 
of the design in management research. Philosophy of Science is a branch of philosophy that 
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addresses the issues pertaining to the disciplines of science, the development of assumption, 
use of methods and, finally, the ethical implications of scientific findings. According to POS, 
any scientific research should start by considering these four major paradigms: ontology, 
epistemology, axiology and methodology (Easterby-Smith et al, 2012). Ontology refers to 
theories concerning what exists to be known (Lee and Ling, 2008). Epistemology, or theory 
of knowledge, refers to theories about the ways in which we perceive and know the real world 
(Johnson and Duberley, 2000). Axiology is the philosophical study of goodness (Lee and 
Lings, 2008). Finally, Methodology is the study of how the research should be implemented 
in order to make an original and relevant contribution to the knowledge (Eassterby-smith et 
al., 2012). 
 
There are two main research paradigms within the philosophical science argument: a) 
Positivism; and b) Interpretivism (Ryan, 2006; Lather, 2006). A positivist approach considers 
the reality objectives where facts are concrete, while interpretive approach “considers reality 
to be subjective and constructed by participants and observers of an event” (Nunes, 2011). 
Conversely, “a positive approach will tend to randomly select participants to avoid biased 
outcomes” (Nunes, 2011). 
 
A positivist approach argues that there is an objective reality behind the facts; therefore, the 
outcome of the research can be generalised. Although a positivist approach is popular in 
research studies on Sustainable Operations Management (SOM) (i.e. Cousins et al., 2007; 
Duval and Maclean, 2007; Haan et al, 2007), Nunes (2011) argues that there are some 
drawbacks related to their capability to establish new theories. In contrast, the literature review 
indicates that SOM research studies that rely on an interpretivist paradigm are more likely to 
contribute to the development of new theory and practices for SOM-related issues (i.e. Smink, 
2007; Seitz, 2007; Nunes, 2011). Therefore, this research applies an interpretivist research 
paradigm. This will help the researcher achieve a better understanding of SDEV and the 
application of operations research (OR) tools and techniques in managerial decision making.  
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Furthermore, there are two types of research approaches usually applied by researchers: 1) 
“Deductive approach” and 2) “Inductive approach”. A deductive approach narrows from more 
general to more specific (Bernard and Bernard, 2012). In a deductive approach, a hypothesis 
is established from the theory and research method is applied to test hypothesis (Brandimarte, 
2012). Deductive reasoning usually works with quantitative research, which entails a 
deductive reasoning of the relationship between theory and research; that is, testing theories 
(Myers and Avison, 2002). The quantitative strategy is used to quantify the problem by 
generating numerical data or data that can be translated into applicable statistics (Bryman and 
Bell, 2007).  
 
The inductive approach, however, serves in the reverse direction. The reasoning in an 
inductive approach is from specific to general. In other words, the research begins with specific 
observations, identifying patterns and formulating a hypothesis from which the researcher can 
evaluate and finally establish some general conclusions and theories (Waters, 2008).  The 
inductive approach provides the logic in a qualitative research strategy.  
 
Conversely, qualitative research is suitable when the aim of the research is to accumulate 
knowledge of an unknown phenomenon that requires understanding. It focuses on the 
relationship between theories and research, emphasising the generation of theories (Lewis et 
al., 2007; Bryman & Bell, 2007).  Qualitative strategy is usually used to gain an understanding 
of underlying reasons, opinions and motivations; thereby providing insight into the problem 
and helping establish ideas or hypotheses for potential quantitative research (Bryman and Bell, 
2015). Both research approaches contribute equally to the research outcome, but the choice of 
the approach depends on the researcher and the nature of the research. The topic, which is 
relatively new and has a dearth of literature, will lend itself to generating and analysing data 
and generating the theoretical themes suggested by the data (Chahal, 2010; Bryman and Bell, 
2011).  
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As TBL modelling is a new topic with limited available literature, an inductive approach has 
been selected for this research. The generic M&S framework at this research will be developed 
on the basis of literary observations of existing studies on SOM and M&S. In addition, the 
MHSF-TBL will be evaluated for TBL modelling within the healthcare context using case 
study as a research methodology. 
 
Various studies have argued that a case study is an ideal methodology when a holistic 
investigation is required (Feagin et al., 1991; yin, 1984; Tellis, 1997; Gerring, 2006). A case 
study methodology serves as a systemised way of observing and embracing the full set of 
procedures necessary to complete the case study (Kaplan, and Duchon, 1988). The literature 
review reveals two main reasons for selecting the case study methodology for this research. 
Firstly, it can assist the researcher to study a contemporary phenomenon in its real-life context; 
especially when the margins between phenomenon and real-world context are not clearly 
evident. (Yin, 1984; Eisenhardt, 1989). Secondly, this methodology has been applied to 
investigate those situations in which the interventions being evaluated have a clear set of 
outcomes (Tellis, 1997). Thus, the researcher believes that a case study research strategy can 
also be beneficial to explore the theoretical assumption and provide a systematic method of 
observing all the processes and interventions that are involved in the MHSF-TBL. These two 
characteristics of case study strategy could be appropriate for evaluating the modelling 
framework; whereby the aim is to study within realistic settings for a complex phenomenon, 
such as SDEV.  
 
On the basis of the argument provided above, this research will apply the “inductive 
methodology”. For further modifications and improvement, the “case study method” will be 
employed. This research strategy has already been applied effectively by Eldabi (1999), 
Chahal (2010) and Zulkepli (2012). 
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In this research, two case studies will be conducted to evaluate the framework. On the basis of 
reflection from these two evaluations of the MHSF-TBL, the framework’s limitations will be 
addressed and the application of the framework for healthcare modelling utilised. These 
limitations will be addressed in the final version of proposed MHSF-TBL. This will support 
the applicability of MHSF-TBL to TBL modelling for various cases within the healthcare 
context. Finally, subsequent to the required modifications being conducted, the refined version 
of MHSF-TBL is established.  
 
1.4 Audience and Scope of this Research 
The scope of this research is on developing an M&S framework for SDEV analysis within the 
healthcare context. The following are the expected audience of this research: 
o Modelling and Simulation practitioners; it is expected that this research will 
inform them of challenges and requirements of TBL modelling. 
o Researchers in Operations Management may find the discussion presented in 
this research useful for understanding the current status of application of 
ORMS tools and techniques for SDEV analysis. 
o Researchers in SDEV and corporate social responsibility (CSR) may consider 
using quantitative techniques for the systematic analysis in their studies. 
o Simulation practitioners who use M&S in healthcare context. It is expected 
that the framework will help them re-use their existing productivity-based 
models to TBL-based models for SDEV analysis. 
o Researchers in Operations Research (OR) may use the framework presented 
in this research as a guidance for the broader application of M&S techniques. 
o The researchers who use M&S in the manufacturing sector may find this 
framework applicable to SDEV analysis in their industry. They may be 
encouraged to evaluate the framework for TBL modelling and also reusability 
of the productivity-based models using case studies from their industry.  
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1.5 Thesis Roadmap and Outline of the Research 
This section presents the structure of this thesis and provides a brief outline of the chapters. 
Figure 1 presents a schematic diagram of the entire research process. The steps for conducting 
this study will help the researcher answer all the research questions in order to achieve the aim 
and objectives.  
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Identify characteristics of 
TBL-based systems
Review of M&S decision 
making tools used for: 1) 
healthcare simulation and 2) 
SDEV related problems
Proposed framework for TBL based Multi-
level hybrid Simulation (MHSF-TBL)
Research Question
Identify the challenges in development of 
such systems
Identify the M&S modelling approach that is 
suitable for TBL modelling
Chapter 2
Evaluate application of the framework for 
TBL modelling in healthcare context using 
SD-DES hybrid approach
Chapter 3
Evaluate application of the framework for 
TBL modelling in healthcare context using 
SD-ABS hybrid approach
Chapter 4
Chapter 5
Modify and establish the final framework
Recommendation and Conclusion
Chapter 6
Evaluate the hypothesis
Chapter 7
 
Figure 1: Chapters and their Purpose 
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This thesis is structured into the following seven chapters:  
Chapter Two:  
This chapter presents a critical review of the subject; including a discussion of SDEV, SOM 
and TBL-based systems characteristics within healthcare and other industries, as well as the 
application of M&S techniques for SOM. This chapter also provides methodological review 
on comparisons between the most applied M&S techniques that have been used previously to 
model sustainability; this chapter takes a three-legged integrated approach to analysing TBL 
modelling: a) problems, b) systems and c) methodology. The chapter discusses the challenges 
faced by the modellers incorporating TBL factors in models using traditional M&S techniques. 
Moreover, it introduces the characteristics of an ideal model for analysing the sustainability of 
the system and named it as TBL modelling. This chapter also argues for using multi-level 
hybrid M&S approach (i.e. System Dynamics + Discrete-event Simulation, System Dynamics 
+ Agent-based Simulation) for SDEV analysis. Chapter two continues with critical discussions 
on some particular exiting hybrid modelling frameworks for TBL modelling. This chapter 
concludes with a discussion on the research gap identified that has been identified in this 
research. It is expected that by the end of Chapter Two, the first two objectives (from aim 1) 
will be achieved. 
Objective 1: To investigate the existing knowledge about the SDEV, SOM, TBL-based systems, 
and challenges of TBL characteristics in systems modelling. 
Objective 2: To investigate the methodological aspects in specific M&S techniques that lend 
themselves to modelling particular aspects of the TBL system. 
 
Chapter Three 
On the basis of knowledge learned from the literature, a MHSF-TBL for sustainability analysis 
is proposed in Chapter Three. As mentioned earlier (chapter two summary), there is no M&S 
framework in the existing literature for the healthcare sector; therefore, the MHSF-TBL is 
developed from several references in the literature in order to suit the unique characteristics of 
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the TBL-based systems and SOM. With the presentation of MHSF-TBL, the third objective of 
this research will be achieved. Application of MHSF-TBL is grounded in two purposes: a) to 
inform a model that has already been developed; and b) to develop a model from scratch for 
sustainability analysis. However, the focus of this research on framework evaluation will be 
on the first application setting. Therefore, informed by literature review and a comprehensive 
study on commonalities between TBL-based models, the framework will be evaluated using 
two existing healthcare case studies (in chapters 4 and 5) to investigate the application of 
MHSF-TBL for the reusability of two types of productivity-based models. 
Objective 3: To propose a TBL-based multi-level hybrid modelling framework in order to 
further the field of M&S and to inform practice. 
 
Chapter Four  
The aim of Chapter Four is to evaluate the application of the MHSF-TBL using System 
Dynamics (SD) - Discrete-event Simulation (DES) hybrid approach. This chapter aims to 
utilise the framework to reuse the productivity-based models within the healthcare context for 
sustainability analysis. This chapter will evaluate the framework by using an existing 
healthcare case study with the objective of testing the framework by incorporating new SDEV 
metrics to the existing productivity-based model. The purpose of this chapter is to test the 
MHSF-TBL, for developing a TBL-based models, which could not be acknowledged without 
implementation. On the basis of this evaluation, MHSF-TBL will be revised accordingly in 
Chapter Six.  
 
Chapter Five 
According to the findings of this research, Agent Based Simulation (ABS) is another most 
applied M&S technique in healthcare context. Therefore in order to extend the application of 
the MHSF-TBL, this chapter evaluates the application of the framework for TBL modelling 
for using System SD - ABS hybrid approach. The evaluation is to ensure the MHSF-TBL is 
applicable for reusing the productivity-based ABS models for SDEV analysis within the 
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healthcare context. On the basis of this evaluation, the revised MHSF-TBL will be presented 
in Chapter Six. Knowledge gained from Chapters four and five will help this research achieve 
the fourth objective. 
Objective 4: To evaluate and utilise the proposed framework by using the framework for TBL 
modelling using a) SD-DES hybrid approach, and b) SD-ABS hybrid approach. 
 
Chapter Six 
Chapter Six proposes the final TBL Modelling framework for SDEV analysis within the 
healthcare context. To achieve this aim, this chapter addresses the limitation identified during 
framework evaluation (Chapter 4 and 5). This chapter presents the final framework on the 
basis of the lessons learned from evaluating the framework on chapters 4 and 5. The discussion 
will investigate to ensure the framework proposed in this research could cater for all the 
requirements of an ideal TBL modelling identified in Chapter Two. It is expected that by the 
end of Chapter Six, the fifth objective will be met. 
Objective 5: To propose the revised TBL modelling Framework (for the healthcare domain). 
 
Chapter Seven 
Chapter Seven is the final chapter of this thesis. It provides a summary of the research and 
discusses its contribution. This chapter highlights how the research aim and objectives have 
been achieved. It concludes by providing a summary of the limitations and future areas of 
research in this field.    
 
1.6 Chapter Summary 
Chapter one presented an overview of this thesis, which concentrates on developing an M&S 
framework for TBL modelling. Section 1.1 presented the motivation and the rationale for 
conducting this research. Section 1.2 outlined the aim and objectives that will be pursued in 
this research. Section 1.3 presented an overview of the research methodology that will be 
applied for achieving the aim and objectives of this research. Later, this chapter has identified 
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the scope, audience and limitations of this research.  Finally, it has provided an overview of 
the structure and the outline of the thesis in subsequent chapters.  
 
The next chapter contains the literature review. The purpose of this chapter is to present a 
critical review of the subject; including a discussion of SDEV and TBL-based systems 
characteristics within healthcare and other industries, as well as application of M&S 
techniques for SOM. This chapter also provides a methodological review of comparisons 
between the most applied M&S techniques that have been used previously to model 
sustainability.   
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Chapter 2: Literature Review 
2.1 Introduction 
The purpose of this chapter is to analyse the literature in line with the research objectives. An 
effective TBL-based M&S framework for sustainability analysis cannot be developed without 
an understanding of the Sustainable Development (SDEV) concept and the capabilities of 
M&S techniques. The following paragraph presents a brief outline of the chapter. 
 
Section 2.2 provides an overview of the SDEV concept and the Triple Bottom Line (TBL) 
framework. Section 2.2 also explore the current status and importance of considering SDEV 
disciplines in healthcare management. Section 2.3 provides interpretations and assumptions of 
the SDEV concept in management science and operations management field. Section 2.4 and 
2.5 will provide a synthesised view of M&S approaches, which have been used previously to: 
a) model different issues in UK healthcare context and b) model SDEV-related issues in all 
industries. Section 2.5 also identifies the challenges faced by the researchers, modellers and 
decision makers when applying conventional M&S methods to analyse the underlying SDEV-
related problems. This section concludes with an investigation of why the application of M&S 
techniques for sustainability analysis may have become a holy grail for modellers. Section 2.6 
provides an structural analysis of the application of M&S technique for SDEV analysis from 
problem (Section 2.6.1), methodology (Section 2.6.2) and system (Section 2.6.3) perspectives, 
with respect to selection of most applied modelling approach and techniques for SDEV 
analysis (Section 2.5). Section 2.6 also introduces the characteristics of an ideal TBL-based 
model for analysing the sustainability of the system and name such model as “TBL 
modelling”. Section 2.7 discusses the gap between M&S technique capabilities, TBL systems 
and viable TBL-based models. Section 2.7 also explores why a combined M&S approach 
could facilitate TBL modelling. Section 2.8 will critically review the existing M&S 
frameworks and their limitations for TBL modelling and sustainability analysis. Lastly, section 
2.9 forms the main research gaps: lack of literature on the use of hybrid M&S for SDEV 
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analysis in healthcare context and the absence of an M&S framework for SDEV analysis and 
TBL modelling. It is expected that by the end of chapter two, the objective 1 and 2 of this 
thesis to be achieved. 
 
2.2 An overview of Sustainable Development 
Sustainable Development (SDEV) continues to gain prominence within international 
communities. As SDEV becoming important consideration for the prosperity of the societies, 
dealing with its issues also becoming more complex and challenging (Burton, 1987; Elliott, 
2012; Atkinson et al., 2014; Roosa, 2010). To name a few reasons, according to the UN 
sustainability report (2012), the current world’s population of 7.2 billion is projected to 
increase by 1 billion over the next 15 years and reach 9.6 billion by 2050. Therefore, it is 
estimated that providing the basic amenities and services (food, water, etc.) to all people will 
require the substantial increase between 5 and 35 times. In addition, societies are increasingly 
dealing with other related issues such as climate change, depletion of natural resources and 
industrial pollution and environmental impacts (i.e. global warming, ozone depletion, 
deforestation and desertification, declining biodiversity, industrial accidents, and toxic wastes) 
(Blewitt, 2014; Atkinson et al., 2014; McDonough and Braungart, 2002; Pearce et al, 2013; 
Rogers, et al., 2012;). Continuing this situation will end up in nothing but degradation of 
environmental resources and social welfare. Therefore, the international community is trying 
to systematically address and tackle these ever increasing drastic social and environmental 
challenges with particular focus on climate change, global warming and population growth 
rate (Atkinson, 2000). International communities are continuously raising awareness regarding 
the SDEV disciplines and the disastrous consequences that human societies and other living 
creatures will face, if ignored. Findings from research studies indicate that such challenges are 
mostly the outcome of irresponsible human actions and particularly at the corporate level 
(Welford, 2013; Elkington, 2002; Vasiliūnaitė, 2014); thereby necessitating a shift in business 
and management paradigms (Potočan and Mulej, 2002). 
 
A Generic Hybrid Modelling & Simulation Framework for Sustainable development Analysis in Healthcare 
Context 
37 
 
The economist, Garrett Hardin (1968), first proposed the idea of the sustainability in business 
and management literature. In his seminal article titled “The tragedy of the commons”, Hardin 
allied the dichotomy of individuals, and gained the attention of experts towards SDEV 
disciplines in management science. Hardin (1968) in the tragedy of the commons explains a 
dilemma faced by people when challenged with autonomy to make individual decisions in 
conditions where the sum total of individual, rational decisions has consequences for the 
common good. Hardin’s idea was mainly an economic theory but it has gradually been further 
developed in the business and management field (Mebratu, 1998). Consequently, it is 
considered one of most fundamental theories in the SDEV field and referred to in many 
seminal manuscripts (i.e. WCED, 1988) in this field. 
 
Despite the frequency with which the term is invoked, the concept of sustainability remains 
unexpectedly vague. Ambiguity and vagueness are the main reasons why the concept of 
sustainability has resulted in numerous definitions and explanations. SDEV itself remains 
undefined, despite the attempts of vast amounts of literature; between 1974 and 1992, around 
70 different definitions of SDEV appeared in literature (Daly 1996) and the amount of 
publications devoted to the subject has continued to increase (Linsey, 2010; Kates et al., 2005). 
Daly (1996) claims that the growth of SDEV concept is an “Impossibility Theorem” (Refer to 
Arrow, 1950). According to the Mebratu (1998), “Different SDEV definitions are skewed 
towards institutional and group prerogatives rather than compounding the essence of the 
concept, which has been inherent in traditional beliefs and practices”. Critics (i.e. Robinson, 
2004; Redclift, 2005) argue that the concept is useless because it cannot be "adequately 
defined”. However, Bell and Morse (2003) argue that this flexibility and vagueness over the 
interpretation of the concept of sustainability has not only reduced the reputation of the 
concept, but also could be one of the reasons the concept has achieved its current peaks. As 
Kidd (1992) also claims, there is not, and should not be, any sole definition of SDEV that is 
more rational and inclusive than other interpretations. 
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One of the milestones in the SDEV field was UN-sponsored World Commission on 
Environment and Development (WCED) (1987) - Our Common Future. WCED (1987) 
provided a definition of SDEV in the “Brundtland Commission", which was accepted by the 
majority of experts within the field. According to the Brundtland Commission, SDEV can be 
defined as; "the development that meets the needs of the present without compromising the 
ability of future generations to meet their own needs". WCED’s definition of SDEV has been 
instrumental in developing a “global view” with respect to the future of our planet. Subsequent 
to this milestone, several initiatives have been taken at local, and global levels in an attempt 
to address different aspects of the SDEV related challenges. A number of promising local 
outcomes have succeeded as a result of these activities. However, their overall impact on in 
shaping “our common future” on a more sustainable basis seems minor when measured against 
the enormity of SDEV-related challenges at global level. This has been amplified following 
the recent economic crisis in 2007-2008. 
 
According to the literature, vagueness and ambiguity in dealing with SDEV resulted in a 
perception among organisations that the management of SDEV at corporate level is difficult 
and barely achievable (Paramanathan et al. 2004; Linsey, 2010; Bettley and Burnley, 2008). 
This has led to an even more increasing level of frustration and disenchantment, even among 
the different groups endorsing the concept of SDEV (Lele, 2013; Smith, 2012). Therefore, to 
further explore this concept at corporate level and to bridge the gap between theory and 
practice, the concept of SDEV needed to be translated to the organisational language. John 
Eklington in 2007 has shed a light on this argument by introducing the notion of TBL. 
 
2.2.1 Triple Bottom-Line (TBL) 
According to Elkington (2004), while the concept of SDEV originated from macro level, it 
has gradually penetrated into industrial and organisational activities (Gladwin et al. 1995; 
Callens & Tyteca 1999; Atkinson, 2000; Jain and Rachuri, 2014). Figure 2 illustrates the 
industries’ maturity levels towards SDEV. In 1992, the World Business Council for 
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Sustainable Development (WBCSD) was established to assist the translation of SDEV 
regulations to industrial language (WBCSD, 2001). Consequently, many organisations have 
appointed sustainability officers and have started to publish annual sustainability reports 
(SustainAbility, 2000). Since then SDEV has become a mantra within Business & 
Management communities. 
 
Figure 2: Industries’ maturity levels towards sustainable development 
 
In recent years, there has been great concern over organisational interpretation of SDEV (Reid, 
2013). According to the literature, there is a misunderstanding over the interpretation of 
SDEV; namely, when researchers and practitioners limit the concept to only eco-
efficiency/environmental management (Welford, 2013). Eco-efficiency (e.g. emissions 
reductions) is only one criterion of the SDEV concept (Gladwin et al. 1995; Callens & Tyteca 
1999; Atkinson, 2000; Elkington, 2004). Eco-efficiency/environmental management is one of 
the key factors for sustainable success of organisations, but standing alone is insufficient and 
misleading (Blewitt, 2014). It is well-known that the crux of SDEV is on inseparable and 
integrated three-legged stool, and achieving success in each of them is not attainable by 
ignoring the other two (Elliott, 2012). This integrated three-legged stool is called Tripe 
Bottom-Line. 
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The term “Triple Bottom-Line” (TBL) was proposed and popularised by John Elkington in 
1997, and became widespread following the publication of his book, titled “Cannibals with 
Forks: The Triple Bottom Line of 21st Century Business”. TBL (Figure 3) is a framework that 
guides organisations to harness their activities towards sustainable success strategy (Elliott, 
2012; Elkington, 2004). TBL can help ensure organisations will remain profitable in the future 
while having respect for environment and society (Vanclay, 2004; Jamali 2006; Bettley & 
Burnley, 2008). Harmonious synergies achieved through TBL can deliver a ‘win-win’ 
situation that permits the success in achieving multiple interconnected aims - economic, social 
and environmental – together. Figure 3 indicates TBL and also their interrelation, whereby 
they may influence each other in various ways. 
 
 
Figure 3: Triple bottom-line interlink 
 
The focus of this research is on the systematic analysis of SDEV within a healthcare context 
through the lenses of TBL framework. The following section discusses the importance of 
implementing SDEV in healthcare. It also explores the current status of sustainable healthcare 
management. 
 
2.2.2 Introduction to Sustainable Healthcare 
According to the Bagheri (2006) “Sustainable healthcare is a rapidly growing concept that is 
gaining momentum as environmental, social and economic aspects are becoming linked to 
healthcare activities”. Since the 1990s, the consideration of health in the wider context of 
SDEV has been discussed regularly within healthcare management literature (e.g. Weiz et al., 
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2011; Jameton & McGuire, 2002). According to Brundtland – Former World Health 
Organisation (WHO) Director-General (2002); “Healthy life is an outcome of SDEV, as well 
as a powerful and undervalued means of achieving it. We need to see health both as a precious 
asset in itself, and as a means of simulating economic growth and reducing poverty.” 
 
It is well-established that the healthcare industry plays a pivotal role in any society. For 
example, in 2013, healthcare in the US employed approx. 4.1 million people, accounted for 
17.4% of GDP of the country and is expected to grow to 19.8% by 2020 (Bagheri, 2006; 
Hartman et al., 2014). In 2012, healthcare costs represented 9.8% of GDP in the UK and 
employed approx. 1.4 million people (NHS Sustainable Development Unit, 2014). Therefore, 
healthcare sectors have to spend large amounts of resources to meet the requirements of local 
and international SDEV targets. As the healthcare costs increase, “the potential risks 
associated with the stability of services and availability of resources will become a problem” 
(Bagheri, 2006). 
 
The healthcare sector has many direct and indirect social and environmental impacts on the 
community and region in which they reside. As illustrated by Figure 4, their impact will 
increase exponentially if they are ignored. Therefore, proactive management in implementing 
SDEV could enable the healthcare sector to be released from future economic burdens. Figure 
4 depicts the relationships between healthcare services, environment and society. 
 
Figure 4: The cycle behaviour of healthcare action and reaction from TBL framework 
perspective  
(Pelikan et al., 2010) 
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2.2.3 Sustainable Healthcare:  
There is increasing awareness among healthcare stakeholders that their success relies heavily 
on the balanced treatment of their economic, social and environmental responsibilities with 
respect to their strategic priorities (Pencheon, 2014). In 2002, WHO declared it is necessary 
for health initiatives to aid in SDEV (WHO, 2012). This has resulted in more attention being 
paid to the importance of SDEV in several countries. For example, 172 senior NHS leaders 
contributed to the survey’s findings and highlighted the real need for organisations to promote 
and embrace sustainability at board level. In the first independent survey of its kind, 92% of 
the public questioned said it is important that the NHS works in a more sustainable way with 
19% feeling SDEV should be a top priority (NHS-SDU, 2012). The results of the survey reveal 
that the level of awareness on importance of SDEV is significant among NHS leaders. 
 
Despite general consensus on the importance of SDEV in healthcare, there is no single, agreed 
definition. Hence, the term “SDEV” is used in various healthcare management settings, 
creating misunderstanding for managers and practitioners (HCWH, 2011). In other words, it 
has been agreed by practitioners that healthcare must undergo a shift towards sustainable 
healthcare, but it is vague what this actually means or how it can be attained (Bagheri, 2012). 
 
ANH (Alliance for Natural Health) defines sustainable healthcare as: "A complex system of 
interacting approaches to the restoration, management and optimisation of human health that 
has an ecological base, that is environmentally, economically and socially viable indefinitely, 
that functions harmoniously both with the human body and the non-human environment, and 
which does not result in unfair or disproportionate impacts on any significant contributory 
element of the healthcare system" (ANH, 2008). 
 
The NHS Sustainable Development Unit (SDU) is one of the pioneers in promoting SDEV in 
healthcare sector. The NHS formed SDU in the year 2008. According to SDU; “A sustainable 
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health and care system is achieved by delivering high quality care and improved public health 
without exhausting natural resources or causing severe ecological damage”. 
 
There are several studies that have explored and highlighted the SDEV issues in the healthcare 
context (Séror, 2001; Ownend and Cheeseman, 2005; Jameton and Pierce, 2001; Smith, 2012). 
Findings of this research indicates no standard, inclusive and generally accepted set of 
sustainability indicators (metrics). For example, the United Nations Commission on 
Sustainable Development (UNCSD, 1996) lists 134 indicators and Centre for Waste Reduction 
Technology (CWRT, 1998) has 10 sustainability indicators. Smith (2012) argues that this large 
variance specifies no standard set of sustainable healthcare indicators because some propose 
an exhaustive list and some keep the list limited to very few highlights. However, according 
to the literature reviewed for the purpose of this research, the SDEV issues in the healthcare 
context can be classified as follows: energy consumption; waste; water consumption; 
hazardous and toxic materials; buildings and infrastructure; food and pharmaceuticals; 
procurement; air emissions; patients; employees; public opinion; social and community (i.e. 
elderly care). These titles are examples of SDEV issues in a healthcare context. This list can 
be extended or reduced for different cases. 
 
To sum up, although there are several studies that have identified the advantages of SDEV in 
organisational context (Brundtland et al., 1987; Bansal and Roth, 2000; Pearce et al., 2013; 
Burke and Logsdon, 1996; Epstein and Roy, 2001), the challenges arise when decision makers 
want to implement SDEV concepts for improving their organisations (Waddock and Graves, 
1997; Christman, 2000; James, 2000). Therefore, for organisations committed to SDEV, the 
difficulty is no longer whether to implement sustainability, but how to translate sustainability 
concepts in to organisational operations (Hediger, 2006). 
 
The central argument is laid on a statement of a management scholar, Peter Drucker: “If you 
can’t measure it, you can’t manage it”. However, as mentioned earlier, to be measured and 
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analysed, SDEV must have a precise and unambiguous definition. According to the literature, 
agreement on such a definition does not yet exist (Azapagic, 2003). Hence, managing SDEV 
in organisational operations using traditional management methods are not trivial job (Merkle 
and Kaupenjohann, 2000). The following section investigates the application of Sustainable 
Operations Management (SOM) tools and techniques to fill this gap. 
 
2.3. Sustainable Operations Management (SOM) 
SDEV is no longer a buzz word; currently, SDEV is a pervasive approach that penetrates every 
aspect of organisations, from strategy to operations (Azapagic, 2003). As SDEV is becoming 
more vital for organisations for a several of reasons, it is the operations function that must 
respond to this shift in organisational discourse. Operations management is, after all, the 
vehicle by which organisational sustainable strategy can be transmitted and implemented. 
 
In general, operations management is defined as “the activity of managing the resources which 
are devoted to the production and delivery of products and services” (Slack et al., 2007). 
However, this definition is based largely on a productivity-based approach and ignores the 
TBL framework discipline. According to the literature, researchers have tried to incorporate 
the TBL framework paradigms into the operations management (i.e. Drake and Spinler, 2013; 
Bettley and Burnley, 2008; Kleindorfer et al., 2005). Gunasekaran et al. (2013) have defined 
SOM as “the planning, coordination and control of a system that creates or adds value to the 
stakeholders in the most cost-effective manner, while striving to protect the environment and 
respecting social values and corporate moralities”. Kleindorfer et al. (2005) also defines SOM 
as “the set of skills and concepts that allow an organisation to structure and manage its 
processes to obtain competitive return on its capital assets without sacrificing the legitimate 
needs of internal and external stakeholders and with due regard for the impact of its operations 
on people and the environment”. 
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In recent years, SOM has received persistent attention from OM and management science 
researchers. They recognise the significance of SOM concept as a key strategic factor in 
contributing to solutions to the complex challenges that are related to TBL management 
(Kleindorfer et al., 2005; Gunasekaran et al., 2013). The majority of existing research on SOM 
relates to literature reviews (e.g. Gunasekaran and Irani, 2014; Fakhimi and Stergioulas, 2013; 
Ratan et al. 2010), theoretical frameworks (e.g. Carter and Rogers, 2008; Seuring and Muller, 
2008) and case studies (e.g. Pagell and Wu, 2009), with only a few reported empirical studies 
(e.g. Zhu et al. 2005). According to the Journal of Simulation special issue (published in May 
2015), which was devoted to modelling for sustainability in healthcare (Mustafee and 
Katsaliaki 2015), SOM will benefit from the use of Operations Research (OR) techniques, 
particularly M&S, as such studies could enable stakeholders to test various strategies in the 
TBL sphere. However, as noted by White and Lee (2009), the potential of such methods and 
techniques is yet to be exploited fully in this area. Critics argue that the impact of SDEV on 
organisational performance cannot be measured easily as it is vague and not "adequately 
defined" (Bell and Morse, 2008). However, there are several modelling techniques, including 
qualitative approaches like Qualitative System Dynamics (e.g. Coyle, 1996; Colyle 1999), that 
can be used to model SDEV. (Mustafee and Katsaliaki, 2015). Therefore, this research takes 
an informed view that SOM literature will benefit from further exploration of M&S in the 
context of modelling for sustainability. Moreover, the researcher presents a literature review 
in this topic as a basis from which to investigate specific system modelling techniques that 
potentially can be used for modelling for SDEV analysis. To achieve better understanding 
about application of systems modelling technique for SDEV analysis, two separate 
methodological reviews were conducted. The first review (presented in the subsequent section 
2.4) was conducted to investigate application of OR techniques in the UK healthcare context 
with the focus on M&S technique; while the second review (Section 2.5) was conducted to 
build a reference set of scholarly contributions on the subject of modelling for sustainability. 
These literature reviews help to achieve better understanding regarding the application of 
modelling techniques for SDEV analysis in healthcare. The discussion provided in the section 
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2.4 presents a synthesised view of techniques that have already been applied for systems 
modelling for productivity-based or sustainability purposes in the UK healthcare context. 
Later, the review presented in section 2.5 discusses the current status of the systems modelling 
for SDEV analysis in all industries. It is expected that these two literature reviews could 
provide an in-depth understanding of the progress and challenges of modelling for SDEV 
analysis within the healthcare context. 
 
2.3.1 A brief overview of Operations Research and M&S 
Operations Research (OR) has been described as an “applied science” or the “science of 
better”. Little (1991) defines OR as “a scientific method of providing executive departments 
with a quantitative basis for decisions regarding the operations under their control”. OR 
methods enable stakeholders to analyse and evaluate strategies for effective management of 
complex systems. The discipline of OR originated in the UK in the late 1930s. Since then, it 
has been applied to decision making in various sectors of the UK economy, including the 
military and industry (Rosenhead, 2009). Over the last decades, OR and M&S techniques have 
become increasingly popular as decision-making and analysis tools in the healthcare industry 
(Sainfort et al., 2005; Rais and Viana, 2011). OR has a notable and sustained contribution in 
UK healthcare (Royston, 2009), and indeed, “from an international perspective, unique selling 
points of significant strength within the British OR research agenda are so-called ‘soft OR’ 
and applications in healthcare” (EPSRC, 2004). In the context of healthcare, OR methods, 
particularly M&S techniques, can be applied to a wide range of fields, including scheduling, 
operations, resource and capacity planning, clinical and administrative modelling, logistics 
management, economic analysis, risk management, treatment evaluation, design and layout 
modelling and many other fields where improving an organisation’s productivity is vital. M&S 
is the most applied OR technique (Pidd, 2009). Furthermore, it can be used as an alternative 
to “learning by doing” or empirical research (Katsaliaki and Mustafee, 2011). The dramatic 
advance in OR and M&S software packages is one of the most important reasons that increases 
stakeholders’ motivations to use such approaches as one of the most effective methods to 
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decrease service delivery costs, improve the quality of services and ultimately to increase 
stakeholders’ satisfaction (Katsaliaki and Mustafee, 2010). 
 
There are many advantages associated with computer simulations that make the use of its 
appeal to healthcare decision makers (Brooks et al., 2001; Pidd, 2004); for example, they are 
cheaper and faster than developing and discarding real systems, they help identify problems 
in the system and allow the examination of different alternatives many times before 
implementing the actual system. They also help illustrate clearly different behaviours of under 
development systems and provide a safe environment for studying and analysing risky 
situations, such as natural disasters and evacuation strategies. Over the last years, the studies 
on healthcare simulation has significantly continued to flourish; some of which are presented 
here. 
 
Each technique has a specific underlying theoretical and methodological foundation; for 
example, System Dynamics (SD) adopts a holistic systems perspective and uses stocks, flows 
and feedback loops to study the behaviour of complex systems over time; Agent-based 
Simulation (ABS) takes a bottom-up approach to modelling wherein the overall behaviour of 
the system emerges from the underlying dynamic interaction between the agents; Discrete-
event Simulation (DES) is used to model queuing systems (Mustafee et al. 2010); and 
Mathematical Modelling (MM) uses mathematical notations and relationships between 
variables to model the behaviour of a system (for example, MM approaches like linear 
programming and integer programming can be used for optimisation). MM can also refer to 
statistical approaches to model system behaviour; for example, Monte Carlo simulation relies 
on repeated random sampling from known probability distributions and which are then used 
as variables values. It, therefore, follows that specific techniques may be more appropriate for 
modelling particular classes of operations’ problems.  
Fahrland (1970) raised a question in his seminal paper: “Why limit the modelling to either 
discrete event or continuous when situations are evolving which require more interdisciplinary 
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solutions?”. He argued that a combined approach would provide a more complete set of 
methodologies for addressing the problems better and developing models closer to the real 
systems. A hybrid approach is not a new concept in operational research (OR). According to 
the Mustafee et al. (2015), Hybrid M&S is the deployment of joint simulation techniques in 
an integrative way, where both approaches collegially and harmoniously improve each other’s 
capabilities and reduce limitations by sharing information. Hybrid modelling will be discussed 
later in section 2.8. 
 
In summary, M&S is the most widely used applied method in management science. These 
techniques give stakeholders the opportunity to participate in model development and to 
conduct experiments with models that represent real-world systems of interest (Pidd, 2010). 
Therefore, it is not surprising that OR and M&S studies have been used extensively in industry 
to gain insights into existing or proposed systems of interest. Nevertheless, findings of this, 
application of OR and M&S techniques for SDEV analysis are still in their infancy; 
particularly within the healthcare context. To further investigate this gap in literature, the 
researcher has decided initially to review the literature pertaining to the application of OR 
techniques in UK healthcare context (henceforth referred to as the First Review). 
 
2.4. A Review of Literature on the Application of OR Techniques in UK 
Healthcare 
The first review attempts to identify existing literature on the wide range of OR studies applied 
to healthcare. The focus is on M&S techniques, and studies classified according to application 
type and the OR technique employed. The scope of the review is limited to studies undertaken 
in the UK, and papers published between 2000 and 2013. 
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2.4.1 Existing reviews 
The lack of the width of OR methods in studies, the breadth of application areas and 
publication in outlets of different fields of study (including operation research, healthcare 
Information System and medical studies) has resulted in potentially obstructing the extensive 
references and application of such studies. However, many reviews have focused largely on 
one particular OR method; namely, simulation. These include the research conducted by Fone 
et al. (2003) and Jun et al. (1999) on the application of computer simulation in modelling 
healthcare delivery; the study by Barrios et al. (2008) and Brennan and Akehurst (2000) on 
the application of simulation techniques for analysis of the economic effectiveness of health-
related products and technologies; the review of simulation in pharmacoeconomic model 
development conducted by Hay (2004); the review studied by Katsaliaki and Mustafee (2011) 
that focused on application of four different simulation techniques in healthcare context 
(agent-based simulation, discrete-event simulation (DES), Monte-Carlo simulation (MCS) and 
system dynamics (SD)); the review by Brailsford et al. (2009) that analysed academic literature 
on healthcare modelling and simulation; and the review of computer simulation and patient 
survey studies by Dexter (1999). 
 
2.4.2 Literature review methodology 
For the purpose of this review, the researcher reviewed a total of 142 papers on the application 
of OR within the UK healthcare context, published between 2000 and 2013. The most 
important reasons for limiting the scope to the twenty-first century are: first, the significant 
increase in the number of papers published since 2000 (Fakhimi and Mustafee, 2012); second, 
dramatic advances in OR software development; and third, the fact that sustainable healthcare 
is mainly a 21st century field. The database that was selected for the selection of the 
aforementioned papers was the “ISI Web of Sciences” (ISI WoS). ISI WoS is one of the largest 
academic databases and it includes more than 8,000 international research journals with impact 
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factors covering around 200 different categories. Figure 5 illustrates the research methodology 
process that has been followed in this review. 
 
The methodology employed for searching the ISI WoS involved two steps: the search for OR 
papers and the search for papers related to simulation. Following an initial investigation, it was 
realised that about 80 per cent of the papers retrieved discussed simulation techniques. 
Therefore, in order to achieve more comprehensive results in this research, the term 
“simulation” was included as an individual search term. The search included papers written in 
the English language within the time span of January 2000-September 2013. The specific 
criteria (including keywords and wildcard characters) used to conduct these searches were as 
follows: (a) Inclusion of the words (“health*” OR “healthcare”) AND 
(“operation*research”) AND (“NHS” OR “National Health Service” OR “UK” OR 
“England” OR “Wales” OR “Scotland” OR “Northern Ireland”) in any of the following fields: 
title, abstract, authors’ keywords and keywords plus (b) Inclusion of the words (“health*” OR 
“healthcare”) AND (“simulation*”) AND (“NHS” OR “National Health Service” OR “UK” 
OR “England” OR “Wales” OR “Scotland” OR “Northern Ireland”) in any of the following 
fields – title, abstract, authors’ keywords and keywords plus. This two-step search process 
retrieved approximately 550 papers and the researcher methodically read the abstracts (in some 
cases the full text) in order to select papers relevant for the purposes of this study. The papers 
were selected based on certain inclusion criteria. These were broadly similar to those used by 
Katsaliaki and Mustafee (2011), albeit the selection criteria in the current study related to OR 
and its application in the UK healthcare context. Thus, for a paper to be included in the final 
data set, the relationship between the selected paper and the UK healthcare sector had to be 
clear; it had to use one or more OR techniques to describe, investigate and examine the 
problem context; and it had to include a discussion on at least one OR technique used in the 
study. 
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Figure 5: Flowchart depicting the research method 
 
Following this selection process, a total of 142 papers were selected that fulfil the 
aforementioned inclusion criteria. The next stage involved reading the full text of the papers 
with the objective of categorising the studies based on: (a) the OR methods 
discussed/employed; (b) the application area; and (c) software packages used. With regard to 
(a), the studies were classified into the following 12 groups: DES; MCS; modelling systems 
(MOD); cohort simulation (CS); scheduling (SCH); SD; forecasting (FC); Markov models 
(MKV); mathematical modelling (MTH); distributed simulation (DS); simulation exercise 
(SE); and multiple OR techniques (MTP). The list of OR techniques was identified based on 
literature and OR studies that have been conducted in UK healthcare. In the case of (b), the 
studies were classified under three main areas: cost-effective and economic evaluation in 
healthcare (70 papers); improving healthcare clinical and administrative performance (47 
papers); and literature and methodology review (25 papers). Based on the commonality 
between the studies, the researcher found these categories to be the major ones. Eventually, 
142 papers were fully categorised and are presented in section 2.4.3 according to the OR 
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methods being employed; the application areas; publication trends; and software packages 
used. 
 
2.4.3 Findings 
(a) OR technique 
In all, 12 OR techniques have been referred to or used in the 142 studies included in this review 
paper. In order of popularity, the list of techniques is as follows – MTP, DES, MCS, MOD, 
MTH, MKV, SD, FC, CS, SCH, DS and SE (Table 1). 
 
Table 1: List of the OR techniques and the number of related papers 
 OR Techniques Number of 
Papers 
Percentage Initial 
title 
1 Multiple OR Techniques (hybrid) 51 36% MTP 
2 Discrete-Event Simulation 31 21.8% DES 
3 Monte-Carlo Simulation 16 11.3 MCS 
4 Modelling Systems  10 7% MOD 
5 Mathematical Modelling 9 6.3% MTH 
6 Markov Models 7 5% MKV 
7 System Dynamic 4 2.8% SD 
8 Forecasting 4 2.8% FC 
9 Cohort Simulation 3 2.11% CS 
10 Scheduling 3 2.11% SCH 
11 Distributed Simulation 3 2.11 DS 
12 Simulation exercise  1 0.7% SE 
 Total 142 100  
 
(b) Publication trends 
This research represents a review of the application of OR techniques in the UK healthcare 
system in the twenty-first century between 2000 and 2013. Over the last three decades, the 
application of OR methods for solving healthcare problems has improved significantly. It has 
been shown that more than 90 per cent of all such studies have been published from the year 
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2000 onwards. According to the findings, the breadth of healthcare application areas and 
unorganised publication in outlets of different fields of study has resulted in potentially 
obstructing the extensive references and application of such studies. The papers included in 
this study are gathered from 65 journals and conferences, and from different medical and 
managerial publications. The results also indicate the range of different outlets where 
healthcare studies appear; it is noticeable that not only medical journals, but also general OR 
journals are popular as publication outlets for papers in this field of study. 
 
(c) Software packages used 
The process of problem solving using OR techniques is very slow and time consuming, since 
it deals with a large amount of numerical analysis and data mining. In some cases, this entails 
using OR methods that would not be economically feasible for some organisations; however, 
the advent of the computer and advances in the quality and variety of software packages have 
taken the application of OR techniques to the next level committee in the next decade of OR 
(CONDOR, 1988). The increases in computer power have facilitated the use of OR tools by 
managers and administrators in all industries and sectors. Currently, there are many software 
packages for different OR methods that have accelerated the process of problem solving or 
model development (Luckman and Stringer, 1974). There are many kinds of software 
packages on the market now; for example: Anylogic, Simul8, Microsoft Excel, TreeAge, 
Arena and Sigma. Some types of software packages can be applied to most OR methods, such 
as Microsoft Excel, but some are specialised in a unique technique; for example Simul8 for 
simulation (Agrawal et al., 2010). The selection of appropriate software package(s) for the 
purposes of conducting an OR study is informed by the proposed OR method and the 
requirements of the project. According to the findings, TreeAge, Microsoft Excel and Simul8 
are the three most popular OR software packages used in UK healthcare, used mostly for cost-
effectiveness models and Markov chain modelling. This review has identified the high variety 
of software packages used or developed for conducting the OR studies. At least 33 different 
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software packages were used for the142 studies. Table 2 outlines the five most frequently-
used software packages employed for OR studies in UK healthcare. 
 
Table 2: Frequency of use of most popular software packages 
 Software 
 
Number of papers  
1 Microsoft Excel 20 
2 TreeAge Software 16 
3 Simul8 13 
4 Micro-saint Sharp 9 
5 Stella 8 
 
In summary, according to the findings of this review, the use of OR techniques has been 
increasing in terms of the number of studies conducted and the breadth of application. One 
interesting finding is that the distribution of the OR techniques employed is not uniform; the 
majority of studies focus on simulation, either as the only technique employed or as one 
element of a multi-method (hybrid) approach. From the 142 papers included in this review, 
about 76 per cent employ only one simulation techniques, while approximately 35 per cent 
describe simulation as one element of the MTP (hybrid) (i.e. System Dynamics and Discrete-
Event Simulation combination), which have been used to realise the stated objective. Recently, 
the application of simulation in the processes of healthcare systems analysis has increased by 
decision makers as a feasible tool for improving healthcare operations and reducing costs; this 
may be attributed to the large number of successful simulation studies reported in the literature, 
in addition to the increasing availability and use of simulation software packages. However, it 
was noticeable that no empirical study found on application of OR/M&S techniques for SDEV 
analysis in healthcare context. Therefore, the researcher has decided to conduct another review 
in order to analyse the application of M&S techniques for SDEV analysis out of healthcare 
context. The next section (2.5) provides the results of the second review conducted in this 
chapter. Moreover, it discusses a synthesised view of M&S approaches that have been used 
previously to develop a model for addressing SDEV issues in all industries. It concludes with 
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an investigation of why the application of M&S techniques to SDEV analysis is challenging 
and why it has become a holy grail for modellers. 
 
2.5 A Review of Literature on M&S Techniques for Sustainable Development 
Analysis 
2.5.1 Existing reviews 
As SDEV becomes increasingly vital for organisations, dealing with its challenges are also 
becoming more complex and costly. Developing models to respond to these complexities 
requires insight into the characteristics of sustainability and sustainable system, and also a 
major rethinking on studying sustainability beyond traditional modelling disciplines. M&S 
studies have been used extensively in industry to gain insights into existing or proposed 
systems of interest. So, they could also be valuable in providing this understanding and insight 
in coping with systems with high levels complexity and uncertainty. For the purposes of this 
chapter, another review has been conducted in order to provide a synthesised view of M&S 
approaches that have been used previously to model sustainability issues. Subsequently, it is 
anticipated that this will lead to the discovery of the current developments in the application 
of simulation techniques for sustainability purposes. Furthermore, this section explores the 
specific characteristics of sustainability and TBL-based systems in order to investigate the 
challenges in developing models for sustainability and to analyse what seems to be a holy grail 
for modellers. 
 
To ensure the results of simulation are applicable to the real world, modellers must understand 
the definitions, assumptions, conceptualisations and implementation constraints of this 
emerging field. However, the challenge initiates from knowing that there is no single 
interpretation for the phenomenon of sustainability. It can be argued that there are two main 
reasons why modellers may find it difficult to follow these definitions; first, the debates on the 
definition of scope of sustainability disregard the range of time and space over which this 
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concept has to apply (Cleveland et al. 1996); second, they ignore the high level of uncertainty 
and flexibility associated with sustainability. However, and despite the fact that critics argue 
that the concept of sustainability cannot be modelled as it is not "adequately defined", this 
literature review attempts to build a reference set of scholarly contributions on the subject of 
modelling for SDEV analysis. 
 
Thus far, there have been a number of reviews in the literature on the applications of M&S to 
different areas. However, there is a lack of literature review on application of M&S for SDEV 
analysis. Hence, this research attempts to present a review of literature with the aim of 
providing a synthesised view of previously used M&S approaches. 
 
2.5.2 Literature review methodology 
Similar to the previous review, the literature review methodology has been influenced by the 
systematic literature review approach adopted by Eddama and Coast (2008). To identify 
articles that would be incorporated in the dataset, the following criterion was used: inclusion 
of the words, ‘sustainab*’ AND ‘simulation*’ in the article’s topics. The search is restricted 
to articles and review papers written in the English language from 1970 until 2014 (both 
inclusive). The search further filtered the search results to include only papers indexed under 
the ISI subject category ’OPERATIONS RESEARCH MANAGEMENT SCIENCE’ (ORMS). 
This category was selected since ORMS is generally regarded as the field that relies on using 
quantitative techniques like simulation to improve operational processes and decision making. 
The ORMS subject category also includes topics such as mathematical modelling, stochastic 
modelling, decision theory and systems, optimisation theory, logistics, and control theory 
(Thomson Reuters, 2013). This resulted in a total of 205 papers. The abstracts of the papers 
were reviewed in order to ascertain their suitability for inclusion in the final dataset; when the 
abstract did not provide sufficient information to make inclusion-exclusion decision the full 
text was referred to. The following inclusion criteria were used: (a) the papers were on 
M&S/ORMS; and (b) they included a discussion on TBL or, at the very least, discussed either 
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the environmental or the social aspects of TBL. A critique for the inclusion strategy may be 
the relaxation of criteria (b) and the fact that the researcher has also considered papers that 
demonstrated engagement with a sub-set of the TBL features. Although this is a valid critique, 
the researcher’s engagement with literature informed us that the boundaries between the papers 
that considered TBL and those focused either on the environment, the economy or the society, 
or a combination thereof, were not always straightforward. In many papers, the impact on 
social responsibility was implied rather than stated explicitly. In such cases, the researcher 
took a flexible approach of including papers that related clearly to the problem described with 
some kind of sustainability impact. Applying the inclusion-exclusion criterion, 91 papers were 
left in the data set and this was the underlying dataset for the literature review. Figure 6 
illustrates the research methodology process followed in review (2). 
 
Figure 6: Flowchart depicting the second literature review methodology 
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For the purposes of informing this M&S study for SOM, the literature review focused on 
identifying the simulation techniques used for modelling sustainability and to further classify 
these studies based on the aspect of sustainability being modelled; for example, studies that 
focus on the TBL, or either the environment, the economy or the society, or a combination 
thereof. Sections 2.5.3 presents the findings of this literature review. 
 
2.5.3 Findings 
(a) M&S Techniques for Modelling SOM and TBL 
Initially, the researcher categorised literature according to the M&S techniques reported in the 
papers. The results reveal that system dynamics (SD), mathematical modelling (MM), discrete 
event simulation (DES) and agent-based simulation (ABS) are the most widely-applied 
techniques addressing sustainability issues. 
 
The findings from this literature review are as follows. SD is by far the method of choice in 
modelling for sustainability, with approximately 45% of studies (42 papers) using this 
approach (Figure. 7). 
 
This is followed by MM (e.g., analytical modelling, optimisation), which accounts for 19% of 
studies (17 papers), with DES and ABS contributing to 18% (16 papers) and 8% (7 papers) of 
studies respectively. The review identified nine studies that did not report on model 
development, but focused primarily on the review of literature. 
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Figure 7: M&S techniques and the frequency of their application to address sustainable 
development issues 
 
(b) TBL aspects being modelled 
The researcher has further classified the papers in accordance with the aspect of sustainability 
being modelled. Figure 8 presents a stacked chart that outlines, under each aforementioned 
M&S category, the number of studies that have considered: (a) the three pillars of 
sustainability (TBL); (b) environment and economic aspects; (c) studies that explored the 
social and economic aspects; and (d) studies that relate only to the environment. As can be 
seen in Figure 8, the majority of studies that have applied SD, MM and DES used this in the 
context of environment and economy; The next set of findings concern the application of M&S 
to model sustainability; the research does not distinguish between individual techniques in this 
analysis. The findings of this review show that only 9% of the articles have attempted to 
address TBL, while 62% of the studies have focused on the economic and the environmental 
aspects of sustainability, followed by 16% of the studies on environment and 13% on society 
and economy (See Figure.8). Consequently, the researcher finds an imbalance in the treatment 
of economic, social and environmental aspects of SDEV. 
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Figure 8: Percentage of M&S studies that have modelled TBL or specific aspects of 
sustainable development 
 
(c) Publication trend 
The findings of this review show that 56% of the papers were published after 2010. This 
increase could be attributed to the recent ‘SDEV trend in industries and which, in turn, may 
have contributed to scholarly studies in this topic, in addition to the availability of new M&S 
software packages that assist with the modelling of complex systems (for example, AnyLogic® 
supports multi-method M&S, which could have contributed to the hybrid studies in this topic). 
 
In summary, despite the recent increase in the number of publications, the research findings 
indicate a dearth of studies on application of M&S in addressing the TBL, particularly in 
healthcare sector. Moreover, challenges remain in developing, implementing and validating 
the models. The review of literature has also revealed an unequal treatment of economic, social 
and the environmental factors among SOM studies employing qualitative models (e.g. 
conceptual models) and those using quantitative/mathematical modelling (e.g. computer 
simulation). Findings of this research show that the majority of existing studies have focused 
principally on the economy and the environment (e.g. studies on sustainable supply chain 
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management, Sustainable process design). Therefore, the important question that raises here 
is what is the impeding development of the TBL-based models? 
 
Given the topical nature of the subject in question, the body of literature is rather limited, 
particularly in healthcare context and, as the findings will demonstrate, some of the studies 
that have delved into this topic do not fully adhere to the TBL framework. The majority of 
these studies focus on productivity-related measures to evaluate system performance, and 
consideration of all three SDEV dimensions has been underrepresented. However, this 
predominant focus on productivity may need to change, since SDEV has become an 
increasingly important consideration in managerial discourse on organisational development. 
The findings also reveal that, at their best, most existing M&S studies tend to express SDEV 
by focusing on economic and environmental aspects of SDEV with social aspects of 
sustainability rarely mentioned. However, this under-representation may need to change since 
the decisions being made based on such models would not only be aligned with SDEV 
discipline but also be very misleading. Last but not least, arguably, healthcare is a welfare-
oriented service for the citizens; therefore, due to the wide interaction with the society, the 
societal aspect of sustainability cannot be ignored, and the level and range of SDEV 
considerations are different in healthcare and non-healthcare industries. For example, unlike 
manufacturing, wherein reducing environmental impact is crucial in terms of sustainability 
efforts of an organisation, the sustainable operation of healthcare units in the face of society-
specific challenges (e.g., ageing population, increase in migration, changing citizen life styles, 
etc.) is equally important. Thus, although quantitative modelling studies in non-healthcare 
domains have frequently neglected the social factors pertaining to sustainability, healthcare 
modelling cannot ignore this essential aspect. 
 
In summary, informed by the literature review, developing models that respond to these TBL 
complexities is not a trivial task since they require to ensure that the models are: (a) applicable 
to the real world; and (b) consider all three SDEV pillars (TBL) in their analysis. These 
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assumptions need to be further investigated in the context of complex and uncertain systems 
like the TBL system. In an attempt to fill this gap, next section is analysing the modelling for 
SDEV analysis from three different problems, methodology and system perspectives. 
 
2.6. Structural Analysis of TBL Modelling 
M&S techniques have been analysed and compared in various literatures on the basis of 
technical and philosophical differences in order to understand how they are interpreting 
problems and representing systems as well as how they have been used (i.e. Chahal et al., 
2013; Brailsford and Hilton, 2001; Morecroft and Robinson, 2006; Tako and Robinson, 2008; 
Lorenz and Jost, 2006). There is scarce of comprehensive studies that combine all these 
separate prespectives for analysing M&S for SDEV analysis. This section aims to analyse the 
TBL modelling anatomically in order to gain deep understanding about TBL modelling before 
developing the generic modelling framework for sustainability analysis. To achieve this aim, 
this thesis takes a three legged integrated approach: a) problems; b) systems; and c) 
methodology to analysis the TBL modelling. This type of structural analysis is applied by 
Chahal (2010) to analyse hybrid modelling in the healthcare context. 
 
There are few reasons for analysing the TBL modelling from these three separate perspectives. 
First, according to Lorenz and Jost (2006), in any successful modelling exercises there are 
three main questions that need to be answered: What? (Purpose of modelling study), Why? 
(Aim of study) and How? (M&S technique). To answer these questions requires 
comprehensive analysis of the problem, system and methodology. Secondly, according to the 
Pidd (2009), in any modelling practice there needs to be close fit between modelling 
methodology, system and problem. Thus, a practitioner will need to reflect on the nature of 
the system and the problem prior to modelling and the simulation technique to use (Chahal et 
al., 2013). From this argument, it is evident that modellers should consider the characteristics 
of the system and the problem prior to modelling, as some ORMS techniques are better fitted 
for analysing certain problems than others. This is more crucial for TBL modelling due to the 
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unique characteristics of SDEV, complexity of the problems and uncertainty of the systems. 
Thirdly, structural (anatomical) analysis of TBL modelling from these three perspectives is 
expected to help modellers to understand characteristics and features of the system under 
study. Moreover, it is argued by the relevant literature that understanding these has influence 
on deciding what modelling technique and method of analysis are more capable of modelling 
certain aspects of the problem. 
 
The following sub-sections provide the structural analysis of TBL modelling from these three 
perspectives. As it can be seen, there are many overlapping features between three perspectives 
will aid to find the answers for the three constructive questions in the modelling practices. 
Ultimately, the knowledge gained from this analysis will enrich the framework proposed in 
this thesis (Chapter Three). 
 
2.6.1. Problem perspective 
The first main perspective identified as a criterion for anatomical analysis of TBL modelling 
is the problem perspective. Problem perspective analysis aims to explore the “what do we want 
to answer?” from TBL modelling practice. Aforementioned, in TBL modelling what we want 
to answer is important rather than what needs to be measured. According to the literature 
nature and different aspects of the problem has influence on deciding what M&S approach is 
more capable of modelling certain aspects of the problem (Chahal, 2010). Additionally, it will 
help understand the characteristics and features of the system under study (section 2.6.2). To 
achieve these two objectives, initially, the research attempts to discover the general 
characteristics of the problem in hand. The researcher is going to interrogate as to whether the 
TBL characteristics are constraints on implementing models using the widely-used M&S 
methodologies. 
 
In case of SDEV, the root causes of all the problems have two levels: strategic and operational. 
It has been argued in the literature that SDEV in organisational context is mainly a strategic 
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concept (Gimenez et. al., 2012). So, to address such strategic problems a suitable modelling 
methodology is needed. Conversely, implementation of any strategic and policy-related 
decisions is only possible through organisational operations. As argued in the literature, any 
good sustainable strategy can fail because of wrong decisions at operational level (Azapagic, 
2003). So, any sustainability-related problem causes by internal structure of the TBL system 
which is in need of holistic understanding (strategic level), as well as by randomness at 
operational level which is in need of detailed understanding. Therefore, modellers are required 
to monitor the impacts of operational level decisions on sustainable strategic goals (Jain et al., 
2013; Ringler, 2011; Tolk, 2006). Hence, this researcher argues that any simulation approach 
chosen for TBL modelling should hold the “Discrete” and “Continuous” modelling 
capabilities in order to address both the strategic and operational aspects of the problem. This 
knowledge will support the argument of multi-level hybrid modelling approach in Chapter 
Three. 
 
2.6.2. Systems perspective 
As argued by Chahal (2009) “systems perspective refers to the real-world context under 
investigation”. Upon reviewing literature, due to the unique characteristics of SDEV, 
understanding the systems is crucial for identification of an appropriate modelling plan for 
SDEV analysis. To address this, the researcher identifies and interprets characteristics of the 
SDEV and TBL-based system and assesses whether these characteristics are constraints on 
implementing models using the widely-used M&S methodologies. Using the knowledge 
gained from this analysis, the research will propose a definition of an ideal TBL-based system 
and TBL modelling to which this research refers. 
 
The researcher has relied on the literature review to analyse the most important characteristics 
of such systems that need to be considered by the modellers in order to develop a TBL model 
(See Table 3). 
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The field of SOM can benefit from the identification of characteristics pertinent to TBL-based 
systems and that is seen through the lens of a systems modeller. The researcher’s engagement 
with literature has shown that there is presently no study that has adopted such an approach. 
Therefore, it is arguable that to further explore and address the gap in literature, the modellers 
will benefit from understanding the definitions, assumptions, conceptualisations and also 
implementation constraints of the system. Here, the researcher explores the seven main 
characteristics of TBL-based systems in order to analyse why modelling TBL-based system 
has become a holy grail for modellers. 
 
Table 3: Characteristics of TBL-based systems 
 Characteristics learned from (references) 
1 Vagueness  Hilty et al. 2005; Cabezas and Fath, 2002; 
Paramanathan et al. 2004 
2 Ambiguity Pesqueux, 2009; Moore, 2011  
3 Difficulty of balancing triple 
bottom line 
Steger, 2004; Dyllick and Hockerts, 2002; 
Gladwin et al. 1995  
4 Trans-disciplinarily Lang et al. 2012; Liu et al. 2011; Munda, 2005 
5 Data Complexity Elliott, 2012; Moir and Carter, 2012 
6 Uncertainty Waltner-Toews et al. 2008; Bagheri and 
Hjorth, 2007 
7 Morality and social norms Newton, 2003; Robinson, 2004 
 
(1) Vagueness 
Despite the frequency with which the term ‘vagueness’ is invoked, the concept of 
sustainability remains unexpectedly vague, indefinite, disputable, and has several variables 
that are hard to quantify (Hilly et al. 2005; IISD and WBCSD, 2002; Azapagic, 2003). 
Consequently, the fuzziness and irregularity in SDEV have led to inconsistency and 
contradiction in choosing the sustainability variables; it has also led to the modellers 
misunderstanding the impacts of sustainability issues on a given system. Furthermore, the 
principles on which any sustainability criteria could be based are themselves only dimly 
understood (Cabezas and Fath, 2002; Paramanathan et al. 2004). Although uncertainty and 
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vagueness related to sustainability will always remain, it is expected that this will gradually 
decrease by translating sustainability concepts to quantitative models and numerical regimes. 
 
(2) Ambiguity 
The ambiguity of the concept of sustainability has resulted in large number of descriptions and 
explanations (Pesqeux, 2009; Moore, 2011). For example, there is no general agreement on 
the definition of SDEV, despite the large amounts of literature trying to do so. During the 
period 1974-1992, for example, approx. 70 definitions of SD appeared in literature, with the 
number of studies devoted to the subject continually increasing (Linsey, 2010; Bettley and 
Burnley, 2008). Therefore, it is difficult for modellers to find a ‘specific definition’ since most 
of these discussions are led astray. This is because, first, existing interpretations ignore the 
range of time and space scales over which TBL models have to apply (Linsey, 2010); second, 
they are casting the problem as definitional while the actual problems are emerging from 
predictions errors (bagheri and Hjorth, 2005). Therefore, “the question to be answered is not 
what do we want to measure, as many is often tempted to do, but rather, what question do we 
want to answer?” (Bagheri, 2006).  
 
(3) Difficulty of balancing TBL 
The basic withdrawal factor from traditional modelling approaches to departure towards 
sustainability lies in the fact that although organisations’ survival is mainly dependent on 
profit, the economic and financial benefits are not adequate for continuing success of 
organisations (Steger, 2004; Dyllick and Hockerts, 2002; Gladwin et al. 1995). This has raised 
a discussion on whether or not SDEV is an oxymoron (Redclift, 2005). 
 
As discussed previously, the crux of sustainability is on an integrated three-legged stool - the 
so-called TBL and success cannot be achieved by disregarding the other two (Keating, 1993). 
Therefore, modelling for sustainability concepts would involve a complex web of decision-
making institutions and indicators. This is because: 1) there is no comprehensive and generally 
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accepted set of sustainability indicators and sometimes they are very broad and exhaustive; 
and 2) TBL factors sometimes are holding opposite values. Consequently, it is very difficult 
for modellers to align all TBL elements towards a single purpose. 
 
(4) Trans-disciplinarily 
According to the McDonough and Braungart (2002), everything now is connected and nothing 
can be analysed in isolation. According to the literature, sustainability is a field that cannot be 
effectively explored and understood within the confines of any single discipline (Lang et al. 
2012). The topic of sustainability must be embodied in some form in disciplines such as, 
physics, engineering, ecology, law, economics, sociology, and politics (Munda, 2005). The 
further sustainability spans across multiple disciplines the more comprehensive its 
interpretation will be. Therefore, it is not feasible to study sustainability in isolation since a 
holistic understanding of system is required (Liu et al. 2011). However, this gives rise to 
complicated operational and interpretational difficulties emerging from complex cross-
disciplinary and multidisciplinary issues for data collection and model development. 
 
(5) Data Complexity 
According to Elliott (2012), “everyone agrees that sustainability is a good thing”; however, to 
Fortune and Hughes (Fortune and Hughes, 1997), sustainability is just a hollow concept 
without any practical constituent for organisation. Such critique may be attributed largely to 
the lack of appropriate and TBL inclusive data for analysing and understanding the practical 
result of moving towards sustainability (Bell and Morse, 2008; Moir and Carter, 2012). 
As mentioned previously, any TBL-based system involves complex web of decision making 
indicators and parameters (Bell and Morse, 2003); therefore, an ideal set of data for such big 
and uncertain systems are not easily collectable.  
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(6) Uncertainty 
Due to the high level of uncertainty, sustainability is a highly dynamic and hardly predictable 
concept (Walter-Toews et al. 2008). This flexibility produces the variety of its interpretations 
and misconceptions. Additionally, due to the high level of uncertainty the optimum point of 
any TBL-based system is not fixed and constantly moving (Bagheri and Hjorth, 2007) and it 
is, arguably, not predictable. Therefore, developing a simulation model for an uncertain and 
flexible phenomenon like sustainability may requires incremental change in modelling 
paradigms. 
 
(7) Morality and social norms 
In essence, TBL-based systems are dealing with a set of normative factors carrying “Ethical 
value level” goals. However, existing modelling methodologies are only capable of dealing 
with indicators and variables of the modelling methodologies are only capable of dealing with 
indicators and variables of the model originating from practical and pragmatic levels (Newton, 
2002). Therefore, developing, implementing and validating such models with the existing 
modelling approaches seem hardly achievable. 
 
As discussed earlier, due to the unique characteristics of SDEV, inevitably, modelling such a 
complex phenomenon is not a very easy task. Therefore, it came with no surprise when a 
variety of limitations and drawbacks found in the models existed in this literature review. 
Table 4 indicates the list of limitations of the TBL-based models developed for the studies 
reviewed for the purpose of this research. The limitations found in the literature have been 
segregated based on the simulation techniques used. 
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Table 4: Limitations of the developed models addressing the sustainability issues 
M&S 
Techniques  
Learned from  Limitations for modelling the TBL-based systems 
DES i.e. Widok & 
Wohlgemuth 
(2011); Shao et. 
al. (2010); 
Boulonne et. 
al.(2010);  
- Does not cover the whole TBL-based system; 
- Analysing the system in isolation; 
- Lack all TBL considerations in the model; 
- Tends to ignore the interconnections with high level and 
low level operations; 
- Does not support pro-active behaviour which important 
when simulating social factors of TBL; 
- It is hard to design dynamical simulation scenarios; 
ABS  i.e. Yang et al. 
(2011); Memari 
et al. (2011);  
- Final TBL-based model will be very complex and hard 
to completely understand; 
- Heavily dependent on data; 
- Deals with large number of individual agents; 
SD i.e. Shen et. al., 
2005; Halog & 
Manik, 2011; 
Shahbazbegian, 
& Bagheri, 
2010; Jain & 
Kibira (2010); 
- Complexity of finding interconnections between TBL 
agents that are not essentially homogenous; 
- It is hard to present the detailed operational level of 
changes; 
- More focus is on system rather than solving problems; 
- Tends to ignore the interconnections with high level and 
low level operations; 
MM i.e. Sandera, et. 
al.; Hashmi, et. 
al., 2009; 
- Requires very detailed level of data; 
- It is hard to quantify the large number of immeasurable 
TBL factors; 
- Lack of feedback analysis in implementing TBL 
intervention; 
- Tends to ignore the interconnections with high level and 
low level operations; 
- Hardly capable of covering the whole TBL-based 
system;  
 
2.6.3. Methodology perspective 
As discussed in section 2.6.2, due to the unique characteristics of TBL-based systems, finding 
the most suitable modelling approach and technique has become extremely challenging for 
modellers. This section analyses the TBL modelling from a methodology perspective. 
“Methodology perspective refers to philosophical disciplines, technical capabilities, 
limitations and intrinsic characteristics of the M&S techniques” (Chahal, 2010). The purpose 
of this section is to present a comparative analysis of the characteristics of sustainability 
against capabilities of M&S techniques. In return, this will help a modeller adopt the most 
appropriate technique to evaluate TBL-based systems (this will be further investigated in 
chapter three). For such purposes, it is arguable that a set of criteria should be considered in 
order to objectively select a suitable M&S technique. On the basis of best knowledge from 
A Generic Hybrid Modelling & Simulation Framework for Sustainable development Analysis in Healthcare 
Context 
70 
 
existing literature, no such comparisons have been found in relation to capabilities and intrinsic 
aspects of M&S methods against characteristics of TBL-based system. 
 
This research identifies a set of nine criteria based on: (a) characteristics of TBL-based systems 
(section 2.6.2); (b) domain knowledge in M&S (section 2.4); and (c) the limitations frequently 
associated with models found in literature (Tables 4). In this research, a TBL-based 
characteristic is that models should be developed such that it satisfies all TBL responsibilities 
of the given system for a long-term period. An ideal model is expected to demonstrate the 
following criteria: 
 
(a) the M&S approach used to develop the model should be easy to learn, simple to 
develop and intuitive (this would encourage wider adoption among stakeholders); 
(b) the TBL-based model should incorporate characteristics that assist in making TBL-
based decisions (the M&S approach usually dictates the characteristics that are present 
in the model); 
(c) the M&S approach should support visual depiction of the TBL-based model (this 
ensures that system stakeholders, who are generally not experts in M&S, get a graphic 
representation of the system as it advances through simulated time; the visualisation 
would aid their conceptual understanding of the system); 
(d) the TBL-based model should represent the appropriate level of detail (at the very 
minimum it should include metrics associated with economic, social and 
environmental aspects of the system being modelled); 
(e) the TBL-based model should be dynamic (this implies that the M&S approach used 
for modelling should include a time component and the model should be stochastic; 
this is in line with M&S applied in the context of operations management since such 
systems usually include random components); 
(f) the TBL-based model should ideally assist stakeholders to take both short-term and 
long-term decisions; this is in line with the characteristics of TBL-based systems since 
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financial aspect is usually important in both the short and long-term; however, 
environmental and society implications are arguably medium and long-run indicators; 
(e.g., the financial director may be interested in short-term profitability, the 
environment protection officer may be looking at reducing carbon emissions in 10 
years timeframe, etc.). 
(g) the TBL-based model should endeavour to simplify complexity, uncertainty and 
vagueness that exists in a TBL-based system. Thus, the qualitative representation of 
the system that incorporated the views of multiple stakeholders will necessarily be 
ambiguous; however, a TBL model will need to represent this using quantitative 
representation thus reducing the vagueness inherent in qualitative models; 
(h) a TBL-based model should be able to deal with data complexity (such complexities 
exist since there are numerous interdependencies in the TBL-based system and the 
data reflects this); 
(i)  a TBL-based model should be able to represent different levels of abstractions since 
the stakeholders will look at the system through different lenses. 
 
Table 5 explores the comparative analysis of the ideal TBL model criteria against capabilities 
of four frequently-applied M&S techniques for sustainability purposes (SD, DES, ABS and 
MM). It presents a comparative analysis of TBL-based characteristics against the capabilities 
of the simulation techniques.
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Table 5. Mapping the TBL system criteria with characteristic of modelling technique  
(Adopted from Zulkepli, 2012 and Brailsford, et al., 2001) 
Criteria of a 
TBL-based 
model 
System Dynamics (SD) Discrete Event Simulation 
(DES) 
Agent Based Simulation (ABS) Mathematical Modelling (MM) 
Simple to 
model 
Easy to learn and simple to model 
(Zulkepli, 2012; Brailsford et al. 
2014); 
Easy to learn and simple to model; 
It will be complicated if the 
system of interest is big; (Zegler et 
al. 2000); 
Developing and using the model 
for a big system is extremely 
complex (Macal and North, 
2010); 
Need a mathematical modellers’ 
expertise to build the model; too 
complex to be applied and 
analysed in managerial decision 
makings (Williams, 2013); 
Assisting TBL-
based decisions  
High assistance, providing 
estimation, prediction, what-if-
scenarios and cause & effect 
diagram (Pidd, 2009); 
High assistance, providing 
estimation, prediction and what-
if-scenarios (Siebers et al. 2010); 
High assistance, providing 
estimation, prediction and 
detailed what-if-scenarios (Macal, 
2010); 
Medium assistance, proving 
estimation and prediction 
(Ibeagimov and Ibeagimov, 
2010); 
Visualisation More efficient for representing 
outside of the system rather than 
inside (good for macroscopic 
view on the system); non-expert 
can still understand the whole 
system (Gunal and Pidd, 2010); 
Efficient for microscopic view on 
the system; non-expert can 
understand how the system runs 
(Law et al. 1991);  
More efficient for representing 
both inside and outside of the 
system; non-experts may find it 
difficult to understand how the 
system runs (Siebers et al. 2010). 
However, this also varies based on 
simulation software packages that 
are used and the underlying 
complexity. 
Implicit and hard to understand 
for non-experts, difficult to see 
process flow and how TBL-based 
system operates (Aris, 2012); 
Dynamic 
Model 
Provided as time included in the 
model (Zulkepli, 2012). 
Provided as a result from any 
intervention that has been done to 
the model/system (what-if-
scenario) (Pidd, 2009); 
Provided as time included in the 
model (Zulkepli, 2012) 
Provided as time included in the 
model; 
They are not essentially dynamic; 
Mostly used for mathematical 
optimisation. A Monte Carlo 
simulation is time-stepped. 
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Criteria of a 
TBL model 
System Dynamics (SD) Discrete Event Simulation 
(DES) 
Agent Based Simulation (ABS) Mathematical Modelling (MM) 
Dealing with 
data complexity 
Broadly drawn; Numerical with some judgmental 
elements; 
Dependent not only on data but 
also the interaction that is defined 
between agents; 
Cannot easily deal with complex 
(mixed qualitative and 
quantitative) data;  
Dealing with 
different levels of 
abstraction in 
the system 
Mostly dealing with high level of 
abstraction ( Borshchev and 
Flippov, 2004; Jain et al., 2013); 
Mostly is using at low to middle 
level of abstraction (Jain et al., 
2013; Jain and Kibira, 2010); 
Dealing with all abstraction levels 
(Maidston, 2012); 
Cannot deal with different levels 
of abstraction; 
Represents 
system at 
appropriate level 
of detail 
May cover the whole system, but 
does not present the intrinsic 
details of the current system 
visually holistic models have 
been developed in many studies 
for strategic modelling and 
supply chain modelling 
(Georgiadis et al. 2005).  
May cover the whole system, but 
it will be complicated and 
complexity increases 
exponentially with size (Siebers 
et al. 2010); 
 
Can develop holistic models 
(Hughes et al. 2012; Gary et al. 
2008). Developed models 
represent the complex systems 
better than other techniques, 
however developing model 
showing the details in high level 
resolution will be complicated 
and the size of model will be very 
big; 
May model the whole system but 
needs an extensive historical data. 
Given complexity and uncertainty 
associated with TBL-based 
systems, availability of such data 
will be hardly accessible. 
It cannot represent the interaction 
and interdependencies between 
parts of the system; 
Simplifying the 
complexity/uncer
tainty/vagueness 
Simplifying complexity for the 
environment surrounding the 
system as well learning in a 
complex world (Sterman, 2001); 
Simplifying complexity for the 
processes in the system, if system 
is too big, modellers tend to break 
down the system (Zulkepli, 
2012). However, such approach 
cannot be applied for modelling 
the integrated TBL-based systems 
(Fakhimi et al. 2015); 
Simplifying the complexity of 
systems (North and Macal, 2007); 
Simplifying complexity of 
systems; 
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Criteria of a 
TBL model 
System Dynamics (SD) Discrete Event Simulation 
(DES) 
Agent Based Simulation (ABS) Mathematical Modelling (MM) 
Providing both 
Short- and Long-
term decision 
making 
simultaneously 
Compare with other three 
techniques, SD mainly uses at a 
higher, more aggregated and 
strategic (Gary et al. 2008); 
DES is stochastic and mostly is 
being used at more operational or 
tactical level to answer specific 
questions (Brailsford et al. 2010); 
ABS can be used for strategic 
modelling. In fact ABS can model 
most SD models. This is the 
Agency Theorem for System 
Dynamics (Macal, 2010), and 
states that every well formulated 
SD model has an equivalent 
formulation as an ABS model. 
However, while SD takes a top 
down strategic approach, ABS 
taking it as a bottom up 
approaches (Maidston, 2012); 
MM essentially will not be able to 
develop a soft strategic model. 
MM models are mathematical 
models that usually use types of 
numerical time-stepping 
procedure to find the models 
behaviour over time; 
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As discussed in sections 2.6.1, 2.6.2 and 2.6.3 and presented in Table 5, when the single 
modelling format was applied, the capabilities of the M&S methods were unable to cover all 
of the TBL modelling criteria listed in Table 5; thereby creating a gap between the TBL-based 
system and the capabilities of the M&S methods. Section 2.7 discusses the gap between 
capabilities of the conventional M&S techniques and TBL-based systems. 
 
2.7. TBL System, M&S Techniques and TBL Model: Identifying the Gaps 
On the basis of knowledge gained from sections 2.6.1, 2.6.2 and 2.6.3, the researcher here 
presents a conceptual representation of the relationship between M&S techniques and its 
underlying capability to model a TBL-system (Figure 9). The conceptual representation is 
informed by systematic study of literature in M&S for SOM, as discussed earlier. The bigger 
circle represents the ideal characteristics of TBL systems (these need to be modelled), the 
smaller circle represents the capabilities of current techniques to represent a TBL system. As 
can be seen in Figure 9, there is a gap between the characteristics that need to be modelled 
(outer circle) and those that can be modelled (inner circle). The gap exists because no single 
simulation technique can adequately represent the characteristics of a TBL-based system (see 
Table 5). As a result of this gap, it is arguable that the existing models developed using a single 
M&S technique are not ideal for decision making pertaining to TBL-systems. This is because 
the use of such models may result in decision making that does not fully appreciate the 
interplay between the factors underlining the organisational consideration for TBL. According 
to the findings of this research, most of the developed models for SDEV analysis purposes use 
a single modelling technique. With the objective of reducing the gap between “what is to be 
modelled” and “what can be modelled”, this research argues that a mixture of M&S 
techniques, or hybrid simulation, can be used to better represent a TBL-based system. The 
decision-making process facilitated by such a model will take into consideration the 
overarching sustainability-related themes. Figure 9 illustrates how such a combined approach 
could reduce the gap in modelling the TBL-based system. This is explained further in Table 
6. 
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Figure 9: The gaps between system, model and technique 
(Adopted from Zulkepli, 2012) 
 
Table 6: Explanation of the conceptual model represented in Figure 9 
Figure Condition Explanation 
Gap between 
TBL-based 
model and 
modelling 
techniques  
The gap represents the capabilities that are offered by M&S techniques 
but which are not being used for the development of the model itself; 
the reason for this may be that there are some conditions inherent in 
the existing system that does not lend itself to computer modelling (e.g. 
various normative and ethical level values involved in TBL-based 
systems). It is to be noted that such gap exists for both single and 
hybrid techniques. 
 
Gap between 
modelling 
techniques and 
TBL-based 
system  
Not all elements of the TBL-based system can be represented and/or 
modelled using M&S techniques. However, the use of hybrid 
simulation for model development lends itself to a closer 
representation of the TBL-system (when compared to using single 
techniques); this is illustrated by the existence of a smaller gap between 
‘what is to be modelled’ and ‘what can be modelled’ in Figure 9. 
 
Overlap between 
technique one 
and two  
Only two M&S techniques are conceptually represented here using the 
dotted circles – there can be more than two techniques! The two dotted 
circles intersect and this shows that some of the capabilities are shared 
between techniques (See Table 5). Also, the techniques also have 
distinct capabilities and this is shown by the area of the dotted circles 
that do not interest. If follows that, the combined capability of the 
multiple M&S techniques contributes to the reduction of gap between 
which was highlighted above. 
 
The complexity and uncertainty of TBL systems (section 2.6.2) being modelled, dealing with 
multi-level problems (strategic and operational) (section 2.6.1) as well as TBL multi-
disciplinary relationships may mean that integrating ORMS methods could allow the 
symbiotic realisation of the capabilities of individual methods, while reducing their 
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limitations; thereby potentially realising synergies across techniques and facilitating greater 
insights into problem solving (Fakhimi and Mustafee, 2012); Section 2.8 will provide an 
introduction to hybrid M&S and discuss its application to TBL modelling. 
 
2.8 Elucidating the Need for Hybrid M&S in Sustainable Development Analysis 
According to the knowledge gained from the literature review presented in sections 2.4, 2.5 
and 2.6, the aim of this research is to develop a multi-level hybrid M&S framework for TBL 
modelling. This will help the decision makers in analysing problems holding dynamic 
interactions between operational and strategic complexity. This section provides a discussion 
on the applicability of the hybrid M&S approach (refer to section 2.3.3) and review exiting 
hybrid M&S methodological papers as well as frameworks in order to recognise the way 
hybrid simulation has been used previously. Thus, this understanding serves as: 1) a 
justification for the approach adopted for development of TBL modelling framework for this 
research; and 2) a base for the development of MHSF-TBL for SDEV analysis. The section 
concludes with some examples of hybrid modelling related to various industries (i.e. 
healthcare, manufacturing, construction, etc.). 
 
In this research, “TBL hybrid modelling” refers to a novel combination of M&S techniques 
(e.g. SD+ DES or ABS+DES) as an alternative technique to modelling the TBL-based 
systems. Hybrid approach for TBL modelling is a result of the integration of discrete sub 
systems representing the operational level of the problem and continuous subsystems 
representing the strategic level of the problem in TBL-based systems. Although it has been 
stated in various studies that hybrid M&S reduces the complexity (Helal et al., 2007), 
developing a hybrid M&S can be very challenging (Mingers, 2003). Therefore, the framework 
proposed in this thesis could assist modellers in the development of hybrid simulation for 
sustainability analysis. The remainder of this section describes hybrid simulation frameworks 
and empirical studies in various sectors reported in the literature, and argues for a need for 
discrete-continuous hybrid modelling for TBL modelling. 
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Most of the researchers used continuous models (i.e. SD) to represent the strategic decision 
makings and aggregate abstractions. Conversely, a discrete model (i.e. DES) was employed to 
represent lower level and operational decision makings. Many studies (such as, Brailsofrd et 
al., 2001; Jain et al., 2013) argued that discrete-continuous hybrid modelling could assist 
decision makers to evaluate the impact of micro level on macro-level decisions and vice versa. 
It is noted that some researchers (i.e. Venkateswaran and Son, 2004; Fakhimi et. al, 2014) used 
hybrid approach for evaluating the strategic planning before real implementation, while some 
researchers use hybrid modelling to evaluate the domino effects decisions from a holistic 
perspective (i.e. Rabelo et al, 2007). Helal et al (2007) proposed the integration of continuous 
model with multiple discrete models. He argued that his approach would increase the 
efficiency and reuse of discrete models. In addition, the findings of this research also found 
some studies reported in literature that were used discrete-continuous hybrid M&S for dealing 
with simulation of long-term and short responses simultaneously in a complex system (i.e. 
Van Cutsem et al, 2006). There are some studies reported in literature that have applied hybrid 
simulation in the construction industry (i.e. Lee et al 2007; Pena Mora et al., 2008). Findings 
of this research indicate that, to some extent, there are similarities between developing model 
for construction industry and modelling for sustainability analysis. The researcher argues that 
this similarity could be due to the fact that unlike other industries, this construction industry is 
more affected by changes in environment (i.e. weather conditions,) which is very uncertain 
and prone to constant changes. Despite the acknowledgement of a need for multi-level analysis 
concurrently, no empirical studies found in the literature on M&S for construction industry. 
 
M&S in various industries is well established and the use of continuous modelling techniques 
(i.e. SD) for high level and strategic problems (long-term planning) and use of discrete 
modelling techniques (i.e. DES) for operational-level problems is well accepted. Despite 
recent progress in application of hybrid M&S approach in various industries, there are 
limitations associated with existing hybrid M&S frameworks that make them hardly 
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compatible with the requirements of TBL-based system modelling and sustainability analysis. 
First and foremost, all existing hybrid M&S have been developed to address very specific 
problem. Due to such limited application context, they could hardly be extended and reused 
beyond their problem context, so it is difficult to employ those framework for TBL modelling. 
Secondly, they are very much restricted to the technical aspects of the approach rather than 
conceptual and generic step-by-step guideline. According to Mingers and Brocklesby (1997), 
in any modelling approach a theoretical framework needs to be established, after which a 
technical requirements of mixing methods will be investigated. Nevertheless, in most of the 
frameworks found in the literature (e.g. Venkateswaran and Son, 2005), the technical 
requirements of methods combination have been investigated first. Last but not the least, the 
most promising hybrid M&S framework has been developed by Chahal (2010) for the 
healthcare context and Helal et al. (2007) for the manufacturing context. However, they ignore 
considering SDEV disciplines, TBL-based system characteristics and TBL modelling criteria. 
Therefore, the hybrid M&S frameworks found in the literature were not developed for 
sustainability analysis and did not consider any of TBL-based modelling characteristics. In 
case of healthcare context, the situation is even poorer as very few attempts for empirical 
model found in the literature were devoted to modelling for sustainability in healthcare (at the 
time of writing this thesis, there was only one special issue of Journal of Simulation on 
‘Simulation for Sustainable Healthcare’ published in this field). 
 
The researcher argues that an ideal TBL-based hybrid M&S framework should be able to help 
decision makers understand interactions and alignments between 1) strategic and operational 
decision-making and 2) long and short-term planning. Hence, in order to make sustainable 
decisions regarding complex and uncertain problems, such as SDEV issues, discrete-
continuous hybrid M&S is required. Application of M&S for sustainability analysis is still 
infancy and the range of problems is much wider than traditional productivity-related 
problems. Therefore, there is need for a framework that can guide the modellers for developing 
hybrid model for sustainability analysis in healthcare context. 
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2.9 Research Gap 
As discussed in this chapter, as attention to the SDEV disciplines is rapidly becoming vital for 
industries, tackling its challenges is also becoming more complex and expensive for 
organisations. In healthcare, sustainability is important as the sector has major negative 
environmental and social impacts. Therefore, there is increasing awareness among industries 
that their success relies heavily on the balanced treatment of their economic, social and 
environmental responsibilities with respect to their strategic priorities through the lens of the 
TBL. Computer simulation could be valuable tool in providing understanding and insight for 
coping with such complex phenomenon. However, the literature review conducted for this 
research reveals a dearth of empirical research on integrating sustainability factors with 
modelling. Developing models to respond to these complexities requires insight into the 
characteristics of sustainability and sustainable system, alongside a major rethinking on 
studying sustainability beyond traditional modelling disciplines. Furthermore, there is a lack 
of understanding of the methodological aspects of M&S techniques, which lend themselves to 
modelling of TBL systems. TBL-based systems can be very complex and uncertain, 
particularly in healthcare, as they combine various subsystems consisting of many elements 
and stakeholders with very different interests. Thus, TBL-based systems have complicated 
needs, characteristics and problems in different given contexts. Developing models to respond 
to these complexities requires insight into the characteristics of SDEV and TBL-based 
systems, and also a major rethinking on studying sustainability beyond existing modelling 
disciplines. Therefore, this thesis explores the challenges modellers face in relation to TBL 
modelling and to provide a comprehensive TBL-based hybrid simulation framework to guide 
the modellers to develop the TBL-based models for SDEV analysis. 
 
It has been discussed in this chapter that while developing model for SDEV analysis using a 
single method is not feasible, and a combination of discrete and continuous modelling 
techniques is required to cap for all the requirements of TBL modelling in order to analyse 
such problems with fewer assumptions. Furthermore, an increasing interest among modellers 
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for combining M&S techniques in the healthcare context has also been discussed (section 2.4). 
Therefore, on the basis of the knowledge gained from the literature, this research argues for 
the application of a hybrid modelling approach for TBL modelling, which combines discrete-
continuous modelling paradigms. 
 
Despite the need for applying mixed discrete-continuous models for SDEV analysis, there is 
an absence in the literature (see Table 5), which has applied these methods in an integrated 
way. This research argues that this could be due to: 1) lack of understanding about SDEV and 
TBL-based systems; 2) the challenges associated with integrating M&S methods for analysing 
such complex and uncertain systems; and 3) the absence of a framework that provides step-
by-step guidance with regards to developing TBL-based model. 
 
In this research, discrete models will be used for detailed representation (lower level of 
abstraction) of the problem at “operational” level, and continuous methods will be used to 
represent the problem at “strategic level” (higher level of abstraction). The multi-level will be 
applied to monitor the dynamic interaction between discrete subsystems (short-term impact on 
TBL systems) and continuous subsystems (the long-term impact on TBL-based systems). 
 
There are several reasons why this thesis is more concerned with developing a framework 
rather than developing a TBL-based model. A standard framework could aid the modeller to 
not to omit any important steps in developing and implementing the TBL-based model so that 
the developed model will be closer to the real system and performs better (Mingers and 
Brocklesby, 1997). This is crucial for TBL modelling as the real system is very complex and 
uncertain and very different from traditional systems. Moreover, as the framework provides 
instruction concerning how to develop TBL-based models step by step, it is expected that it 
will also benefit the non-experts with low level of simulation. On the basis of the learning 
derived from literature review, Chapter Three proposes a framework for multi-level TBL-base 
hybrid simulation (MHSF-TBL).  
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Chapter 3: TBL-Based Hybrid Simulation Framework 
3.1 Introduction - Framework Development: 
Chapter 2 has established the absence of a theoretical framework for using M&S techniques 
for SDEV analysis. This chapter attempts to fill this gap by proposing a framework for TBL 
Modelling.  
 
Despite recent progress in relation to the application of a hybrid M&S approach in various 
industries (i.e. Brailsofrd and Hilton, 2001; Jain et al., 2013; Helal et al., 2007; Lee et al 2007; 
Pena Mora et al., 2008), there remain some limitations associated with existing hybrid M&S 
frameworks that render them incompatible with the requirements of TBL-based system 
modelling and SDEV analysis. As discussed in section 2.8, all existing hybrid M&S 
frameworks have been established originally to address a specific problem. They have not 
been developed for SDEV analysis and do not consider any characteristics of TBL-based 
modelling. For example, the two most promising hybrid M&S frameworks have been 
developed by Chahal (2009) and Helal et al. (2007); however, considering SDEV disciplines, 
TBL-based system characteristics and TBL modelling criteria were outside of their scope. 
Therefore, all of the existing hybrid M&S frameworks in all sectors, including healthcare, 
were not developed for SDEV analysis and TBL modelling.  
 
In addition to the lack of an M&S framework for TBL modelling in healthcare, there is a lack 
of practical TBL-base model reported in the healthcare M&S literature. Most existing research 
papers can be found in the special issue of the Journal of Simulation (published in May 2015), 
which was devoted to modelling for SDEV in healthcare (Mustafee and Katsaliaki 2015). In 
this issue, no studies reported any framework or guideline for TBL modelling within the 
healthcare context. Hence, as argued in chapter 2, application of M&S for SDEV analysis in 
healthcare context is still in its infancy and the range of problems is much wider than 
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traditional productivity-related problems. Therefore, there is need for a framework that 
provides a step-by-step guide to developing a hybrid model for sustainability analysis in the 
healthcare context. As mentioned in section 2.7, a hybrid model consists of discrete and 
continuous components. Discrete models will be used for detailed representation (lower level 
of abstraction) of the problem at “operational” level, while continuous methods will be used 
to represent the problem at strategic level (higher level of abstraction). The multi-level hybrid 
model should be applied to monitor the dynamic interaction between discrete subsystems 
(short-term impact on TBL systems) and continuous subsystems (long-term impact on TBL 
systems).  
 
The purpose of the extensive literature review on existing models for analysing SDEV issue 
was to gain a comprehensive understanding of the limitations of the existing models and the 
challenges modellers face to develop a model for TBL-based systems. In the previous chapter, 
the advantages and limitations of the existing hybrid modelling frameworks (i.e. Chahal, 2009; 
Zulkepli, 2012; Helal et al., 2007) have been reviewed and discussed. This research uses the 
knowledge gained from those frameworks and the requirements of TBL modelling identified 
in chapter 2 (Section 2.6.3) in order to build the Multi-level Hybrid Simulation Framework for 
TBL modelling (MHSF-TBL).  
 
This chapter presents the hybrid modelling framework for TBL-based systems, together with 
comprehensive discussion of its phases. Chapter three aims to provide a workable version of 
a generic theoretical framework that is capable of addressing TBL modelling requirements. 
The application of the framework within the context of healthcare will be investigated in 
chapters 4 and 5. This chapter is structured as follows: Section 3.2 discusses the rationale 
behind evaluating the framework for reusability of productivity-based models for TBL 
modelling in the healthcare context. Section 3.3 provides the outline for the phases of MHSF-
TBL. Section 3.4 provides a discussion of the MHSF-TBL and elaborates on the requirements, 
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steps and methods to follow in order to develop an ideal TBL-based model. Finally, section 
3.5 provides a summary of the chapter.  
 
3.2 MHSF-TBL for model reusability for SDEV analysis 
Developing new computer simulation models is a time-consuming process that is costly for 
organisations (Robinson et al., 2004). Thus, how models can be developed easier and quicker 
is a classic problem posed by TBL modelling. One possible solution could be to reuse the 
previously-developed models (Mustafee et al., 2011). Potentially, this can benefit clients, since 
the study could be completed quicker without the need for additional resources; moreover, the 
time saved may be used to increase the scope of the simulation study (Monks and Robinson, 
2009). The potential benefits of model reuse mean that it has received some attention in the 
M&S literature pertaining to certain sectors (e.g., healthcare, defence and manufacturing) 
(Paul et al., 2004).  
 
According to Robinson (2004), “Simulation model reusability refers to the creation of new 
models using pre-existing modelling artefacts like portions of simulation code, existing 
simulation components and complete models, with the purpose of reducing the time and cost 
for model development”. Furthermore, Overstreet et al. (2002) argue that several key issues 
must be addressed to support model reuse; for example, “determining how to locate potentially 
reusable components, recognising objective and assumption incompatibilities among model 
components, building components that enhance reuse, determining the modifiability and 
interoperability of a reusable component and etc.”.  
According to Pidd (2002), generally, the spectrum of reuse models is divided into four levels 
(Figure 10). The focus of this research will be largely on “full model reuse” and “component 
reuse”. 
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Figure 10: A model reuse spectrum  
(Pidd, 2002)  
 
A model reuse approach is appealing to the stakeholders since it can reduce the time and cost 
associated with model development. However, there are no existing studies that have focused 
methodologically on the reusability of hybrid M&S in the healthcare context and, therefore, 
in TBL modelling.  
 
The researcher argues that modern reforms are required to be financially, environmentally and 
socially sustainable in order to address the additional constraints of financial resources 
shrinkage, pressure to reduce the environmental impacts and demand for improving the quality 
of healthcare services. Since developing and implementing existing productivity-based 
simulation studies have already expanded considerable time and resources, the priority of 
reusability of these models for TBL modelling exceeds developing new TBL-based models. 
Therefore, this research focuses on evaluating the application of MHSF-TBL for reusability 
of the productivity-based models for sustainability analysis in healthcare context. 
 
In summary, application of MHSF-TBL framework proposed in this research is established 
for two purposes: a) to inform a model which has already been developed; and b) to develop 
a new model for sustainability analysis. However, the focus of this research on framework 
evaluation will be on the first application setting. Therefore, informed by literature review and 
a comprehensive study on commonalities between TBL-based models, the framework will be 
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evaluated through existing case studies to investigate the application of MHSF-TBL for 
reusability of two types of existing productivity-based models. These models were developed 
originally to experiment with model configurations that had a direct bearing on productivity-
related metrics. It is anticipated that this would, in turn, facilitate the exploration of 
opportunities for model reuse amongst modellers within the healthcare sector. 
 
3.3 Outline of the Hybrid Simulation Framework for TBL Modelling  
In this section, the knowledge gained from the literature provides the basis for establishing 
requirements for MHSF-TBL. MHSF-TBL is a theoretical framework that aims to guide the 
modellers to develop a model capable of meeting the ideal TBL modelling characteristics 
identified in chapter two. In order to address the TBL modelling requirements established in 
section 2.6, a three-phase framework is proposed. The composition of the framework’s phases 
is based on the modelling and integration process proposed by Pidd, 2009, Robinson, 2011 
and Chahal, 2010. The phases of MHSF-TBL are outlined below: 
i. Conceptual model formulation Phase (Section 3.4.1) 
ii. Design and Combination Phase (Section 3.4.2) 
iii. TBL Analysis Phase (Section 3.4.3) 
 
Figure 11 illustrates the main phases of the MHSF-TBL and the subsequent sections will 
discuss the content of these phases for TBL modelling.  
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Figure 11: Phases in Modelling TBL-based system 
 
3.4 Framework Description 
This section discusses the MHSF-TBL and elaborates on the requirements, steps and methods 
required in order to develop an ideal TBL-based model. The subsequent sections will discuss 
the MHSF-TBL-based on the phases outlined in Figure 11.  
 
3.4.1 Phase I: Conceptual model formulation 
The crux of an effective modelling is simplification and abstraction (Pidd, 2009). Conceptual 
modelling involves abstracting a model from a real or proposed system (Robinson, 2011). All 
simulation models are simplifications of reality; however, the challenge of conceptual 
modelling is to abstract an appropriate simplification of reality (Pidd, 2009). Fishwick (1995) 
argues that conceptualisation is the most important step in the modelling development process. 
Phase I: Conceptual Model Formulation 
STEP 1) Problem and objective identification 
STEP 2) Determining Conceptual Model and general objective 
decomposition 
STEP 3) Identification of the TBL bottleneck and Key Process 
Indicators (KPIs) 
 
Phase II: Design and Combination Phase  
STEP 1) Model Translation 
STEP 2) Identifying internal and external interaction formats 
STEP 3) Identifying TBL KPIs’ mutual influences in hybrid 
format  
STEP 4) Formulating and tracing the interaction points  
 
Phase III: TBL Analysis Phase 
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However, it is probably the most difficult and least understood in the field (Law and Kelton, 
1991). The main reason for this scarcity of studies could be attributed to the fact that 
conceptual modelling is more of an ‘art’ than a ‘science’ (Robinson, 2011); therefore, it is 
difficult to define conceptualisation methods and procedures using scientific principles. 
Consequently, the art of conceptual modelling is learnt mostly by experience.  
 
According to the literature, generally, the concept of conceptual modelling remained unclear 
and ill-defined after 60 years of simulation (Liu et al., 2011; Robinson, 2013). Nevertheless, 
it is agreed that conceptual modelling refers to the early stages of M&S practice. In other 
words, conceptual modelling is a type of medium between a problem identification step to 
determine what is going to be modelled and how (Robinson, 2008; Borah, 2002).  
 
A simplified conceptual model for a vague and complex system, such as a TBL-based system, 
could minimise the likelihood of incomplete, unclear and erroneous requirements (Pace, 
2000). A conceptual model could build the credibility of the model and facilitate the 
development of the computer TBL-based model.  
 
The first phase of the MHSF-TBL aims to: guide the modellers to understand the problem; 
identify the general objective of the simulation study; and determine the scope, assumptions 
and content of the model. The steps of this phase were adopted largely from Robinson (2008), 
Chahal (2009) and Shannon (1998) conceptual modelling requirements. The steps of the first 
phase and their descriptions are explained as follows: 
STEP 1) Problem and objective identification 
STEP 2) Determining conceptual model and general objective decomposition 
STEP 3) Identification of the TBL bottleneck and Key Process Indicators (KPIs) 
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STEP 1) Problem and objective identification  
John Dewey’s maxim is: "A problem well put is half solved”. According to the literature, 
nature, scope and different aspects of the problem influence which M&S approach is more 
capable of modelling certain aspects of the problem. Moreover, understanding the problem 
will help to understand the characteristics and features of the system under study and formulate 
the objective of the simulation study. Problem definition will aid the decision makers in 
suggesting the interventions that should be done in the system. Therefore, to ensure the results 
of the TBL-based model are applicable to the real world, modellers must understand the 
definitions, assumptions, conceptualisations, and implementation constraints of this emerging 
field. The challenge for identifying TBL problem initiates from knowing there is no single 
interpretation for the phenomenon of SDEV.  
 
As mentioned previously, in TBL modelling what we want to answer is more important than 
what needs to be measured. Defining the cause of the problem in the system is challenging 
(Zulkepli, 2012; Eldabi, 1999), especially when it addresses a wide range of different TBL 
related factors (e.g., energy cost, pollution waste, employee satisfaction) and actors (e.g., 
governmental organisations, NGO, companies, international communities, individuals) 
involved, as they have varying (sometimes opposite) values, opinions and interests (Fakhimi 
et al., 2013).  
 
The research findings indicate that in most existing M&S frameworks (Chahal, 2009; Helal et 
al. 2007; Jain, 2012), problem identification was conducted either through control of the 
processes that led to the problem or through amelioration of the problem after it occurs. 
However, this research argues that unlike productivity-based modelling, problem 
identification in TBL modelling does not follow linear casual (command and control) 
principles (e.g. healthy food to prevent stomach-ache). Linear casual relation principle 
(Boudon, 1965) “perceives tacitly that the problem is well bounded, clearly defined, relatively 
simple and linear with respect to cause and effect” (Holling and Meffe, 1996). Hence, dealing 
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with SDEV and TBL-based systems, linear and mechanistic thinking may mislead the 
modellers to see the complex, highly uncertain SDEV as engineered structures prone to 
management with predictable results. 
 
In contrast to linear causal relations, circular causation “where a variable could be both cause 
and effect” (Bagheri, 2006) — complexity and uncertain dynamic have become the norm, 
rather than the exception (Hjorth and Bagheri, 2005). The world has become increasingly 
interconnected, and intrinsic dynamical connections dominate the behaviour of the all the 
variables in our social, environmental and economic systems society (Kofman & Senge, 1993). 
Hence, this research argues that in order to identify and analyse the cause of TBL problems, a 
mechanistic and linear thinking approach is outdated. Rather, dynamical nonlinear system 
thinking should be followed; also known as synergistic principles (Knyazeva, 2004). However, 
two important factors need to be taken into consideration. First, as discussed in chapter two 
(2.6.1), in the case of SDEV, the root causes of all problems have two levels: strategic and 
operational. The literature argues that SDEV in organisational context is mainly a strategic 
concept (Berman et. al., 1999). Conversely, implementation of any strategic and policy-related 
decisions can be achieved only through organisational operations. Therefore, modellers are 
required to monitor continuously the efficiency of implementing the decisions at operational 
level against their sustainable strategic targets (Jain et al., 2013; Ringler, 2011; Tolk, 2006). 
Second, any problem structured to be modelled by MHSF-TBL needs to demonstrate clearly 
the significant impact of the underlying system on environmental and social responsibility 
aspects of TBL framework. This research argues that these two characteristics must be 
considered in order to understand and structure the problem for TBL modelling. This will help 
the modellers identify the most appropriate simulation technique capable of addressing 
strategic and practical aspects of problems, based simultaneously on SDEV disciplines. 
  
Subsequently, the modellers should identify the overall objective of the simulation study. 
According to the research findings, the overall objective of TBL modelling should be 
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conducted in light of three main pillars: problem, system context and TBL framework. 
Efficient problem structuring aids MHSF-TBL users in acquiring comprehensive 
understanding of the simulation objective in light of both problem and system perspectives. 
Moreover, it will increase the wider implications awareness among potential users and help 
the modeller identify sustainable objectives.  
 
STEP 2) Determining conceptual model and general objective decomposition 
Subsequent to identifying the problem and the objective of the simulation study, the next step 
is to develop a conceptual model in order to render more understandable the underlying TBL-
based system. Robinson (2011) argues that the success factor of any conceptual modelling 
exercise is simplification of the model.  A simple model presents various advantages for the 
modellers. They can be developed quicker, require less data, execute faster and are easier to 
understand and analyse (Guru and Savory, 2004; Lucas and McGunnigle, 2003). Pritsker 
(1986) argues that there is a threshold for simplification; the simplest model is not necessarily 
the finest choice to elaborate on, as there is a risk of the modeller missing crucial aspects of 
the underlying system.  
 
As discussed previously, there is a dearth of studies reported in the M&S literature in relation 
to conceptual modelling criteria Robinson (2011) identified four main criteria for conceptual 
modelling: validity, credibility, utility and feasibility. Willemain (1994) also identifies similar 
requirements for conceptual modelling: validity, usability, value to the clients, feasibility, and 
aptness for the clients’ problem.  According to the existing literature on conceptual modelling, 
there are some commonalities between conceptual modelling criteria proposed by M&S 
researchers (i.e. Pidd, 2009, Brooks and Tobias, 1996, and van der Zee and van der Vorst, 
2005).  
MHSF-TBL proposes applying Pidd’s (2009) conceptual modelling criteria for TBL 
modelling: “1) Model simple; 2) Be parsimonious; 3) Divide and conquer; 4) Use analogies 
and similarities; and 5) Do not fall in love with data”.  
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As discussed in section 2.6.2, TBL-based systems are interconnected with large number of 
social, environmental and economic processed and variables.  Therefore, any ideal TBL-based 
models developed for analysing such system could be difficult to validate, adjust statistically 
and interpret. Pidd (1999) argues that objective decomposition facilitates the method selection 
and model development for big systems; in particular, when the problem necessitates a hybrid 
approach (Chahal, 2009). Subsequent to the development of the conceptual representation of 
the system, the overall objective found in the previous step should be divided into smaller sub-
objectives in order to facilitate the modelling process.  
 
Some of the existing hybrid M&S frameworks (i.e. Zulkepli, 2010; Helal et al. 2007) propose 
using “modularisation” for large systems rather than objective decomposition. This research, 
argues that modularisation is not applicable to TBL modelling. Modularisation originates from 
the software engineering field (Turban et al., 2007). This research argues that the processes in 
TBL systems is too complex and interconnected; therefore, modularising will be too difficult 
and potentially confusing. Furthermore, “the process of dividing a whole system into several 
modules depends on the size of systems of interests and the nature of the problem” (Zulkepli, 
2012). So, this would again be challenging for the large and all-inclusive TBL-based system. 
Moreover, TBL-based systems tend to have many stakeholders; therefore, modularisation by 
creating many processes and sub-processes could be tedious and prone to inconsistencies 
(Fakhimi et al., 2014). Therefore, MHSF-TBL is proposing an objective decomposition 
approach to TBL modelling. This model decomposition will be based on the third principle of 
Pidd’s (2009) conceptual modelling criteria. This approach has been applied to healthcare 
modelling by Chahal (2010). 
 
Finally, consideration must be given to the characteristics of Sustainable Operations 
Management (SOM) (Section 2.6.1). The system should not be divided to the TBL pillars 
(Environmental, Social and Economic) as three main objectives and then be integrated. 
Developing a conceptual model based on this misconception could lead to very misleading 
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decisions. It is expected that by the end of this step, the model’s boundaries will be identified 
by the modellers. 
 
STEP 3) Identification of the TBL bottleneck and Key Process Indicators (KPIs) 
In TBL modelling, the focus of the modellers should not be on what needs to be measured. 
Rather, what question will be answered? Therefore, modellers are required to ensure the 
exclusion of any TBL factors that are less likely have impacts on the underlying system as a 
result of the intervention. Moreover, this will help the decision makers focus more on the root 
cause of the problem instead of being distracted by numerous TBL elements and factors. 
Hence, to achieve these aims, modellers are required to identify the TBL KPI and TBL-
bottleneck.  This section discusses these two in detail. 
 
Generally, indicators can be useful when no direct measurement tool can be used to understand 
and assess the complexity of the situation (Hrebicek, et al., 2013). Overall, an indicator refers 
to anything that indicates (i.e. is considered revealing or diagnostic); in other words, any 
counted or measured variable (Bell and More, 2008). According to the literature (Hak, et al., 
2012; Mitchell et al., 2009; Parris and Kates, 2003), any ideal set of indicators is measurable, 
inclusive, relevant and reliable, observable, conceptually applicable, replicable, verifiable, 
easy to obtain, easily collectable and as compact as possible. 
 
Indicators are applied for two main reasons. First, they are used to measure the success of 
particular activities in the system towards the target set. In this case, they are referred to usually 
as Performance Indicators (Bagheri, 2006; Parmenter, 2010). Hjorth and Bagheri (2006) argue 
that the issue of using this type of indicators in modelling is that sometimes modellers overlook 
the objective and just concern about the indicators. They argue that performance indicators 
could only explain the static picture, which is somehow related to its past. The second reason 
for applying indicators is to use indicators for ongoing monitoring the activities of a system to 
ensure they do not violate the restraints of the system (Azar et al., 1996; Mitchell, et al., 1995). 
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This type of indicator is known as Process Indicators (Bagheri, 2006). The latter type of 
indicators can more likely explain the dynamical statues of TBL-based system and help the 
system owners to ensure activities in the system do not go beyond the threshold and the system 
will remain sustainable in the long-term.   
 
KPIs in TBL modelling should point to areas in the system, whereby the links between the 
economy, environment and society are weak and need to be addressed to achieve the overall 
modelling objective. In MHSF-TBL the weakest link in the system that could be the root cause 
of the problem in hand referred as TBL-bottleneck. Subsequent to identification of the TBL 
KPIs, modellers define the TBL-Bottleneck (s) of the system. 
 
TBL-bottleneck in TBL modelling is the part of the system that has the most significant 
sustainability issue and has the most significant impact on the sustainability of the whole 
system under study.  This will be further explained later in Design and Combination phase 
(3.4.2).   
 
Identifying TBL Bottleneck and KPIs of the system will help modellers define the scope of 
the model. This is very crucial step for reducing the complexity of dealing with TBL-based 
systems. Identifying the TBL Bottleneck and KPIs in this step should be followed by justifying 
the affected components in terms of why and how it affects the TBL-based model in the long- 
or short-term (this will be discuss in Phase II - section 3.4.2). This will help to analyse the 
impact of system intersessions later on each of TBL pillars (social, environmental and 
economic responsibilities) (further discussed in phase III; refer to sections 3.4.2 and 3.4.3). It 
is note-worthy that, having access to a large volume of historical data will be helpful, as this 
will facilitate to identify why and how the system are affected by certain TBL Bottleneck and 
KPIs.  
The focus of phase I was mainly on conceptualising the TBL-based system. The next phase 
discusses design and combination phase in TBL modelling process.  
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 3.4.2. Phase II: Design and Combination Phase  
The second phase of MHSF-TBL is the design and combination phase. The term “design” 
refers to the activities involved transporting the conceptual design into simulation software. 
The term “combination” in hybrid modelling also refer to interaction or communication 
between different parts of the model (Zulkepli, 2012; Venkateswaran et al., 2005).  Although 
it has been stated in various studies that hybrid M&S reduces the complexity (Helal et al., 
2007), developing a hybrid simulation can be very challenging (Mingers, 2003). Given the 
TBL-based system comprises many integrated sub-systems, extra effort and a different 
mechanism is required to link these different sub-systems. The focus of this phase will be on 
addressing following three questions: a) How the discrete and continuous models will be 
designed? b) What will be the hybrid format and interaction points between techniques? c) 
What will be the mode of interaction between techniques?  
The following steps could guide the modellers to address above questions: 
STEP 1) Model Translation 
STEP 2) Identifying internal and external interactions formats 
STEP 3) Identifying TBL KPIs’ mutual influences in hybrid format  
STEP 4) Formulating and tracing the interaction points  
 
STEP 1) Model Translation 
In this step, the modellers are required initially to select the most appropriate M&S method 
for developing their TBL-based models and then develop (transform the conceptual model to 
the simulation software package) the models to capture the discrete and continuous paradigms 
of underlying TBL-based system.  
 
Pidd (2004) advises that “modellers should think about the nature of the system and nature of 
the problem prior to modelling, as some models are better suited for certain problems than 
others”.  It can be concluded from this statement that in any modelling practice “there should 
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be a close fit between problem, system and methodology” (Chahal, 2010). To facilitate the 
simulation practice, it is beneficial to complete the planning before designing the model into 
the M&S software package. This will help the modeller know what is expected from each 
technique when they are functioning both separately and together. 
 
As discussed in Section 2.6.1, to maintain sustainability of the underlying TBL-system, long 
and short-term questions need to be addressed easily by the models. Long-term impacts relate 
to the activities in high-level strategic decisions. These activities deal with low fluctuations 
and are more holistic in nature (Jain et al., 2010; Chahal, 2009; Taylor and Lane, 1998). The 
activities with long-term effects concern with macroscopic view and should be analysed at 
aggregate level. Conversely, short-term impacts are related to activities at operational level. 
The level of fluctuations in these type of activities are high and concern with microscopic view 
(Tako and Robinson, 2009; Robinson, 2006). The activities with these characteristics should 
be analysed at individual level in more detailed manner.  
 
Hence, as discussed in chapter two, the researcher argues that any simulation method chosen 
for TBL modelling should hold the “discrete” and “continuous” modelling capabilities in order 
to address the strategic and practical aspects of the underlying system. Hybrid modelling is 
not a new approach; indeed, the literature review reveals that it has been used in many studies 
(i.e.  Ringler, 2011; Jain, et al., 2013; Chahal and Eldabi, 2013). However, implementing it is 
very demanding, particularly when it is intended for modelling large and complex systems 
(Tolk, 2006). In this research, Multi-level Hybrid Simulation (MHS) is defined as the 
capability of implementing and analysing the appropriate parts of the TBL-based model at 
different levels of abstraction, which is required for corresponding to the question being 
answered for the SDEV analysis. Strategic (long-term) questions may be answered more 
efficiently using models capable of aggregate analysis with lower levels of details, while 
operational (short-term) questions may be answered better applying the models capable of 
individual analysis containing higher level of detail.  
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In this research, the main idea behind using hybrid simulation for TBL modelling is to analyse 
the TBL-based model at aggregate level for long-term (analysing the system with low 
resolution) and at individual level for short-term period (analysing the system with higher 
resolution) in order to present a model that is closer to the behaviour of the real world TBL-
based system. The assertion is that a combined simulation approach will provide a superior 
representation of the underlying behaviour of the TBL system, compared with modelling the 
system using a single simulation technique. Thus, the hybrid approach leverages the 
capabilities of individual M&S techniques for TBL modelling. The decision-making process 
facilitated by such modelling approach will take into consideration the overarching SDEV-
related themes.  
 
According to the findings of this research, SD-DES hybrid approach - combination of Discrete 
Event Simulation (DES) and System dynamics (SD) - could be the better approach for TBL 
modelling. This format could help the modellers to address the TBL modelling criteria 
identified in chapter 2 (Table 5).  
 
Furthermore, two extensive literature reviews conducted for the purpose of this research 
amplify the justification for selecting these two techniques for TBL modelling. As discussed 
in chapter two, the SD and DES are the most applied M&S techniques for analysing 
sustainability issue (Section 2.5). Yet another literature review has revealed that SD-DES is 
the most applied combination used for modelling in the healthcare context (Section 2.4). 
Therefore, this research argues that SD-DES combination fits for the aim of this framework 
and could provide enormous benefits to the reusability of the existing productivity-based 
models for TBL modelling. However, this is only one example; there may be several other 
techniques and modelling approaches suitable for TBL modelling. Further research is required 
to explore these. 
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DES is used to model queuing systems and is, therefore, an ideal technique to gain further 
understanding of the system in terms of productivity measures; for example, average service 
time, identification of bottle-necks, utilisation of resources and average queue time. 
Consequently, DES will be used to model the system at discrete level in order to analyse the 
system with higher resolution and provide the detailed analysis about the short-term impact of 
TBL KPI on the system. Conversely, a simulation technique like SD will be applied to model 
the system at aggregate level in order to provide a holistic strategic view about the long-term 
interplay between TBL KPI on the system. 
 
The findings reveal some effort made in the literature to identify appropriate M&S methods 
for different cases. The existing literature compares SD and DES in terms of their technical 
and theoretical capabilities as well as the way they represent problems and systems of interests 
(i.e. Brailsford and Hilton, 2001; Morecroft and Robinson, 2006; Lorenz and Jost, 2006; 
Chahal, 2009; Tako and Robinson, 2006; Tako and Robinson, 2008). However, as mentioned 
previously, none of these studies have considered TBL modelling and SDEV principles in 
their method comparison processes. Therefore, knowing TBL modelling differs significantly 
from traditional productivity-based models, the researcher decided to modify and extend the 
criteria established by Brailsford and Hilton (2001) and Chahal (2009) for selecting techniques 
for the purpose of this framework. This modification entails the inclusion of “system 
perspective” and “TBL Analysis Perspective” to the criteria provided by aforementioned 
scholars, as depicted in Table 7.  
 
Table 7. Criteria for Selection between SD and DES for TBL modelling 
(Adapted from Brailsford and Hilton, 2001 and Chahal, 2010) 
Criteria   
Problem Perspective 
Purpose Productivity-based decisions: 
TBL-based optimization, 
comparisons and comparison  
TBL monitoring: strategic 
decision makings and learning 
Problem Scope Productivity related operations Strategic 
Importance of randomness High Low 
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Importance of interaction 
between TBL KPIs 
High Low 
TBL system’s Perspective 
System View  Detailed view Holistic view 
Dealing with complexity Detail complexity Dynamic complexity 
Evolution over time Event-based Continuous 
TBL Analysis Perspective 
Required level of 
Resolution 
individual level Aggregate high level 
TBL impact Short-Term Long-Term 
Suitable Technique DES SD 
 
Table 7 provides guidance on selection between SD and DES for TBL modelling on the basis 
of an integrated view of system, problem, methodology and TBL analysis. It is noteworthy 
that M&S method selection also depends on the feasibility constraints such as data, resources, 
time and etc. Subsequently, the SD and DES models should be developed based on the above 
discussion using appropriate M&S software packages. 
 
Step 2) Identifying internal and external interactions formats 
The aim of this step is to help the modellers identify the interaction formats in SD-DES hybrid 
simulation for TBL modelling. The following sub-sections discuss the TBL modelling hybrid 
interaction formats from internal and external perspectives. The external interaction format is 
the structure between TBL KPIs in two separate methods (SD-DES), while the internal 
interaction is that between KPIs within a common simulation method. Figure 12 depicts these 
two types of external integration for TBL-based modelling. 
 
Figure 12: Types of external integration  
(Source: Zulkepli, 2012) 
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Chahal (2010) argue that external interactions in any hybrid simulation can be joined in three 
different formats: “hierarchical format”, “process– environment format” and “process 
performance – environment format”.  Conversely, from an internal perspective, there are two 
types of integration: horizontal and vertical (Venkateswaran et al., 2005; Mallach, 2000). 
Vertical integration in refers to the interaction between different levels (operational and 
strategic) and horizontal refers to the interaction at the same level (Venkateswaran et al., 2006) 
(Refer to figure 12 in page 106). This following sections investigates critically the application 
of external interaction formats for TBL modelling on the basis of Chahal (2010) criteria.  
 
Hierarchical format represents two levels of analyses, hierarchical management structure, 
whereby SD represents the strategic level and measure parameter values for strategic-level 
indicators; whereas DES represents operational (so-called productivity-related activities) level 
and provides real-time status of operations (Chahal, 2009). She argues that analysis of the 
system in hierarchical format could be either Top Down (evaluating the feasibility of strategic 
plans before implementation (i.e. Venkateswaran, 2005), or Bottom Up (looking at the ripple 
effects from a global point of view (i.e. Rabelo et al, 2007). According to the literature, 
simulation studies adopting a hierarchical format usually use SD as their leading model for 
their hybrid model. The findings demonstrate that functioning of such interaction between SD 
and DES for TBL modelling could create a dialogue between strategic level and operational 
level TBL KPIs. However, using such interaction format is not efficient for TBL modelling 
because components of TBL-based systems are continuously interacting with their 
surrounding environment. Therefore, SD-DES combination for modelling a system with such 
characteristics cannot be accurately executed with hierarchical format. 
 
The process–environment format can address this limitation of hierarchical format for TBL 
modelling and help SD capture the changes in the environment surrounding the organisation. 
According to the M&S literature, SD is used in this hybrid format to represent the environment 
surrounding the organisation and DES for internal processes. Fluctuations of the organisational 
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processes affect the environment, while changes to the environment impact on the input for 
the processes within the organisation. According to the Chahal (2010), this type of hybrid 
format has been used predominately in the domain of project management within the 
construction sector (i.e. Moussa et al., 2014; Alzraiee et al., 2012) and “software industry to 
capture the interactions between process activities and qualitative environment indicators” 
(Chahal, 2010), such as schedule pressure, staff satisfaction etc. On the basis of the knowledge 
gained form literature, this research argues that this format could assist modellers when the 
TBL-bottleneck has strong negative impact on social responsibility of the organisation.  
 
The third interaction format proposed by Chahal and Eldabi (2013) is Process performance 
- environment format. Chahal (2010) argues that, this format has been used for “analysing 
the continuity of operational interventions in the long run and evaluation of local actions from 
a global perspective (i.e. Umeda and Zhang, 2008)” (Chahal, 2010). Therefore, this format 
arguably could help decision makers to show the long-term effect of their sustainable 
improvement initiatives from global perspectives. Unlike the hierarchical mode, DES is the 
leading model in this hybrid format. In this format, however, SD influences the entry gate 
(Chahal, 2010), rather than internal activities and resources.  
 
In summary, among these three hybrid interaction formats, Process performance - 
environment more likely could fit for TBL modelling better than other two formats.. The 
central idea for this format for modelling for SDEV analysis is to understand the impact of  
long-term impact of interventions in TBL KPIs on sustainability of the whole system; for 
example, waiting time, energy usage, waste, and logistics etc. Moreover, as discussed by 
Chahal (2010), this format has been used to analyse the ripple effects of local operations from 
a broader perspective. As discussed in section 2.6.2, the ripple effects in TBL modelling are 
far in space and time and hence cannot not be analysed by traditional approaches. Therefore, 
application of process performance-environment could help modellers address the TBL 
modelling requirements.  However, when the symptom of the TBL Bottleneck have a close 
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relation with social responsibility of the organisation, the process - environment format is 
recommended.  
 
It is noteworthy that, despite these SD-DES hybrid interaction formats identified by Chahal 
(2009), there may be several other types of formats identified by other researcher. Therefore, 
this research argues that the above discussion can be used only to provide context for the 
identification of interaction formats.  
 
Step 2) Identifying TBL KPIs’ mutual influences in hybrid format  
In hybrid simulation, each model will have various indicators, which may influence others 
within the same or separate models (Venkateswaran et al., 2005). According to the literature, 
some of the indicators can be captured accurately by a certain M&S technique and some cannot 
(Lee et al., 2007; Giachetti et al., 2005; Martin and Raffo, 2000). As mentioned earlier, in 
phase I, TBL-based systems address a number of quantifiable holding tangible and discrete 
features and non-quantifiable indicators holding intangible and continuous characteristics.  
 
Sometimes, linking TBL KPIs can present a significant challenge. Implementing step 2 in this 
phase could reduce this complexity. Identifying the influencing and influenced TBL KPIs 
would facilitate identifying and monitoring the target TBL KPIs (i.e. TBL bottleneck) in the 
model.  
 
Furthermore, the modellers should be aware of the TBL threshold for each indicator; for 
example, what is the maximum tolerance in time to keep the patient on a waiting list or what 
is the energy reduction target?  Finally, modellers must identify the TBL KPIs that 
communicate with each other, either within a common model or between SD and DES. The 
central idea is to analyse the impact of introducing the interventions to the system on 
sustainability of the whole system. SD models represent the holistic view of the system, and 
DES provides the modeller with a detailed microscopic view of the system. The TBL KPIs 
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will exchange information continuously until both models are in a stable state based on 
threshold defined by modeller. This dynamic interactions of operational interventions with the 
whole system could result in sustainability of the system in long-term. There are various 
studies in SOM literature where such format has been applied for analysing impact of the 
interventions at operational level from wider perspective in various studies (i.e. Umeda and 
Zhang, 2008). However, traditional M&S approaches applied in those studies, despite some 
short-term results, they could not ensure the long-term sustainability of the system. Table 8 
presents an example of TBL KPIs mutual influences in an SD-DES format (healthcare case 
study). 
 
Table 8: Identifying how TBL KPIs are influencing each other in SD-DES format. 
TBL KPIs “Influence” 
(suitable Captured by 
DES) 
TBL KPIs “Influenced” (Suitable Captured by SD) 
Resource provision (i.e. 
allocation of specialists) 
Economic Responsibility (e.g.,. expenses, salaries, 
transportations costs);  
Environmental Responsibility (e.g., reduction in vehicle 
pollution, reduced emission of greenhouse gases);  
Social responsibility (e.g., availability of specialists in the 
catchment area) 
Capacity and demand 
management 
Economic Responsibility (e.g. performance improvement);  
Social Responsibility (i.e. reducing waiting time) 
Patients and specialists 
transportation 
Economic Responsibility (i.e. transportations costs, reduction 
in ambulance fleets etc.);  
Social Responsibility (i.e. patients and staff preference, etc.);  
Environmental Responsibility (reducing fuel consumption and 
air pollution, etc.) 
 
Step 3) Formulating and tracing the interaction points  
Subsequently, the TBL KPIS are modelled by SD and DES, and the interaction points should 
be identified. According to Chahal (2009), the interaction points are actually the indicators 
that exchange information actively between the different techniques used for modelling. 
Accurate execution of the interaction points in the system will certify that the information 
exchange occurs between different components of the models. The aim of this step is to guide 
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the modellers in their identification of the interaction points (What is exchanged?) between 
modelling techniques (SD and DES). According to the literature, there is a close relationship 
between interaction point and hybrid format (Gunal, 2012). “Interaction points” in TBL 
models are TBL KPIs whose values are changed or influenced by TBL KPIs of same model 
or other model during hybrid simulation. In TBL modelling, TBL bottleneck is playing a key 
role in identifying the interaction point.  
 
Chahal (2009) also argues that there could be three types of communication between 
integration points in hybrid SD-DES approach: direct replacement of value, 
aggregation/disaggregation and causal. Direct replacement of value infers to merely replacing 
the values of corresponding interaction points in the models. Therefore, no conversions are 
required as the corresponding interaction points hold the same values. Meanwhile, 
aggregation/disaggregation implies that the values needs to be aggregated (from DES to SD) 
or divided (from SD to DES) during the exchange of information between discrete and 
continues models. Casual-type relationship is the third format inferred when the knowledge 
exchange cannot be executed using the first two types. In casual format, the corresponding 
interaction points are influencing each other and the information exchange happens frequently.  
An example of this type of TBL KPI is waste management, which is influenced by or 
influences recycling.   
 
Once the interaction points between SD and DES model are defined, the next requirement is 
to identify the mode of interaction between SD and DES. As discussed above, formulating the 
interaction points in SD-DES hybrid modelling will help the modellers trace the exchange 
between models. Identifying the mode of interaction facilitates understanding of how they 
interact with each other in order to exchange accurate information. According to the literature, 
there are two modes of interaction in hybrid SD-DES modelling: 1) cyclic, 2) parallel (Chahal, 
2009). Chahal (2009) argues that in cyclic mode, SD and DES interact with each other when 
their individual running process is completed. In contrast, in Parallel mode, SD and DES 
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models run and interact simultaneously with each other. Zulkepli (2012) claims that parallel 
interaction is suitable for the problems that variables are connected closely in time and space; 
otherwise, cyclic interaction should be applied. As argued in section 2.5, SDEV cannot be 
analysed in regard to the range of time and space to which this concept must apply (Cleveland 
et al. 1996).  Therefore, parallel interaction mode seems to be better applied to TBL modelling.  
 
3.4.3 Phase III: TBL Analysis phase 
The last phase of MHSF-TBL is analysing the results using TBL assessment framework 
principles. TBL is an assessment framework that guides organisations to harness their 
activities towards sustainable success strategy. Harmonious synergies achieved through TBL 
can deliver a ‘win-win’ situation that realises multiple interconnected aims (economic, social 
and environmental). Therefore, analysing the results of TBL modelling requires an integrated 
approach to give balanced consideration to all three sustainability-related dimensions. 
However, the key issue is to allocate measurement scales and weighting to TBL KPI in order 
to select the most appropriate decision based on the simulation results.  
 
Unlike traditional productivity-based models, which are based on “Command-and Control” 
managerial disciplines, sustainability analysis requires becoming more integrated, flexible and 
resilient (Hjroth and Bagheri, 2006). Measuring organisational performance is difficult, 
especially when what has to be measured keeps changing. In our case study, sustainable 
healthcare management is a continuous “experimental learning” process to face the social, 
environmental and economic uncertainty surround the healthcare units. Making decisions 
upon systematic approach would help the healthcare unit to adapt actively to the constant 
changes and be open to renewal and improvement. Hence, in order to analyse the TBL 
modelling result, modellers are required to be dynamic and flexible. This research argues that 
the TBL-based model is responsible for monitoring the observing system against TBL 
framework and strategic priorities. Furthermore, the results require regular supervision to 
ensure: a) all KPIs dealing with either of TBL pillars are within the established threshold; b) 
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decisions are made based on the short and long-term impact of KPIs on system performance. 
Short and long-term monitoring is static unless it links continuously to strategies and 
assessment of different futures (Holling, 2001). Therefore, TBL modelling should be regarded 
as the promotion of learning process, rather than a forecasting tool.  
 
3.5. Chapter Summary 
Chapter three began by providing an introduction and purpose of the chapter. Section 3.2 
provided a discussion of the application of this framework for reusability of productivity-based 
models for TBL modelling. This section argued that the application of MHSF-TBL framework 
proposed in this research is grounded into two purposes: a) to inform a model which has 
already been developed; and b) to develop a new model for SDEV analysis. However, this 
research focuses on the first application setting. Section 3.3 outlined the MHSF-TBL phases 
and steps. Later, section 3.4 presented the description of the proposed MHSF-TBL framework 
for SDEV analysis. Figure 13 overviews the MHSF-TBL and Table 9 summarises the 
framework proposed in this chapter. 
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Problem and main objective identification
Main objective decomposition and Conceptual 
representation of the TBL-based system
Identifying the TBL KPIs and TBL bottle-neck
Identifying appropriate methods
 for each sub-objectives 
Develop SD model 
Start
Develop all DES models of identified sub-objectives
Identifying the TBL-
KPIs that are to be 
captured by DES model
Identifying the TBL-
KPIs that are to be 
captured by SD model
Run the Re-developed 
DES model for all 
identified sub-objective
Transfer the data to the 
related TBL KPIs in SD 
model
Run SD model for whole 
TBL-based system
Transfer the data to the related 
TBL KPIs in DES model
Are model outputs stable?
Yes
No
Stop running simulation
 
Figure 13: Overview of MHSF-TBL 
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Table 9: MHSF-TBL conceptualisation roadmap for invistigating the application of the 
MHSF-TBL for reusability of DES productivity-based models in healthcare context  
(Adopted from Zulkepli, 2012) 
Phase I: Conceptual model formulation 
Steps How? Why? 
STEP 1) 
Problem and 
objective 
identification 
- By seeking opinion from 
healthcare stakeholders and 
SDEV  professionals;  
- To set the scope of model based on: 
TBL framework, identified TBL 
problem and objective of the model; 
STEP 2) 
Determining the 
conceptual 
model and 
general 
objective 
decomposition 
- Conceptual Model: 
transporting the system 
description to visual system;  
- Objective decomposition: to 
decompose the main objective 
to several sub-objectives;  
- To reduce the complexities of model 
development to make the ideal TBL 
system more visible and 
understandable; 
STEP 3) 
Identification of 
the TBL 
bottleneck and 
Key Process 
Indicators 
(KPIs) 
- By seeking opinion from 
healthcare stakeholders and 
SDEV  professionals; or by 
looking at the sub-objectives 
that have a direct and major 
impact on the defined 
objective;  
- To facilitate the model building 
process  
- To stay the scope of the model;  
Phase II: Design and Combination Phase  
STEP 1) Model 
translation 
- Selecting appropriate 
technique for each sub-
objective; 
- Transporting the conceptual 
model into SD and DES models 
using simulation software 
packages. 
- To select the most appropriate M&S 
method; 
- To develop the models which could 
capture the discrete and continues 
paradigms of the TBL-based system; 
STEP 2) 
Identifying 
internal and 
external 
interactions 
formats  
- By mapping the TBL 
modelling objective to the 
different hybrid interactions 
formats; 
 
- To identify the external interaction 
formats (the interaction between TBL 
KPIs in SD-DES methods; 
- To identify the internal interactions 
formats (the interactions between 
KPIs within the common simulation 
method.); 
STEP 3) 
Identifying TBL 
KPIs’ mutual 
influences in 
hybrid format  
 
- By seeking opinion from 
healthcare stakeholders and 
SDEV  professionals; 
- To understand how different models 
holding several KPIs should be linked 
internally (within their common 
model) and externally (with 
associated indicator in another 
model); 
STEP 4) 
Formulating and 
tracing the 
interaction 
points 
- By identifying what is 
exchanged between modelling 
techniques (SD and DES); 
- To ensure that the information 
exchange happens between models; 
 
Phase III:  
TBL analysis 
Phase 
- By analysing the simulation 
results based on TBL 
framework disciplines; 
– To ensure the analysis is not limited 
to just productivity values; 
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To assess the suitability of the framework with regards to the SDEV analysis within the 
healthcare context, the MHSF-TBL framework will be evaluated practically using two case 
studies from the healthcare domain. Chapters four and five will cover the whole process of 
MHSF-TBL evaluation. The objective of the assessment is to reduce the limitations of the 
MHSF-TBL and to ensure it fits into the TBL modelling requirements in healthcare. Following 
these evaluations, improvements will be made to the framework. Considerations from these 
evaluations will provide the basis for establishing the final MHSF-TBL. The next chapter 
evaluates the application of the MHSF-TBL for reusability of the productivity-based DES 
model for SDEV analysis within the healthcare context. 
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Chapter 4: First Evaluation of the MHSF-TBL for Reusability of 
DES Productivity-based Models for TBL Modelling 
 
4.1 Introduction 
As discussed in Chapter 3, the proposed framework can be used to develop new TBL-based 
models or for TBL-based model reusability. This chapter evaluates the application of MHSF-
TBL by developing a TBL-based system for an existing case study in the healthcare context. 
To achieve this, the MHSF-TBL is used to instigate a discussion on the reusability of existing 
productivity-based models for SDEV analysis. The case study has been selected carefully to 
ensure the underlying system involves the characteristics of the TBL-based system discussed 
in Chapter 2 (Section 2.6.2). This evaluation helps the researcher recognise the limitations of 
the MHSF-TBL for TBL-based model reusability, which could not be identified without 
applied evaluation.  
 
This research considers the case studies as examples that contribute to the theoretical 
development of the MHSF-TBL. Therefore, the objective of framework evaluation studies 
presented in Chapters 4 and 5 is to investigate the applicability of MHSF-TBL to guiding 
modellers in the development of TBL-based models using existing case studies. Thus, the 
validation of the models is outside the scope of this research and will not be included in the 
discussions.   
 
This chapter is structured as follows. Section 4.2 provides a background to the case study. 
Section 4.3 presents the application of MHSF-TBL to the case study. Finally, section 4.4 
provides a summary of the chapter.  
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4.2 Application of MHSF-TBL to the ABM-UHB case study 
This chapter uses the existing case study developed by Mustafee et al. (2011), and analyses 
the NHS Sustainable Development strategy on reorganisation of outpatient clinics for 
Abertawe Bro Morgannwg (ABM) University Health Board (UHB) in Wales (ABM-UHB). 
Before delving into the application of the MHSF-TBL, the context of the case study is 
presented. 
 
ABM-UHB is amongst the largest health boards in Wales. At the time of writing the original 
case in 2011, it employed around 17,000 staff, serving a population of approximately 600,000 
and covering the areas of Bridgend, Neath Port Talbot and Swansea (ABMUHB, 2011). It 
operated a total of 16 hospitals, four of which have 24-hour A&E: Morriston Hospital (MH), 
Princess of Wales Hospital (PWH), Neath Port Talbot Hospital (NPTH) and Singleton 
Hospital (SH). The catchment area of ABM-UHB is divided logically into the West zone 
(which comprises MH and SH) and the East zone (which comprises PWH and NPTH). SH 
houses the Cancer Centre and the Department of Haematology, and serves the entire ABM-
UHB catchment area. In 2011, the Department of Haematology operated a centralised resource 
pool consisting of seven consultant haematologists. These consultants were responsible for 
outpatients, day patients and inpatients in all the four hospitals (these hospitals, in turn, 
received referrals from the other ABM-UHB hospitals and the GP clinics). When the original 
study (Mustafee et al. 2011) was conducted, the delivery of haematology outpatient 
department (OPD) services consisted of outpatient clinics in all the four hospitals.  
 
A study conducted by ABM-UHB and the Royal College of Pathologists recommended the 
consolidation of outpatient clinics, from four hospitals to two. It proposed basing the clinics 
in SH (catering mainly to the West Zone) and PWH (catering mainly to the East Zone). The 
central pool of haematologists can be allocated to clinics in any four of the hospitals. Most of 
the clinics run weekly at a predefined day of the week and time. Each clinic has a fixed number 
of appointment slots, e.g., clinic X may have 5 New Patient (NP) appointment slots 
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(comprising, for example, two 10-day slots, one urgent slot, and the two regular slots), and 7 
Follow-Up Patient (FUP) slots. Moreover, some clinics may have several consultants assigned 
to them; for instance, an afternoon clinic in SH has three haematologists who, between them, 
are responsible for a total of 3 NP and 56 FUP.  The recommendations explored the efficiency 
aspect of the operation. However, they did not take into account the cost implications and 
environmental impacts of this plan.  
 
Referring to the Mustafee et al. (2011) research, Chapter 4 evaluates the application of MHSF-
TBL to the reusability of productivity-based DES models for TBL modelling. This chapter 
develops the TBL-based model for multiple clinics that have an overarching centralised 
structure, albeit to test strategies for service consolidation through the TBL framework 
disciplines. The following section discusses the application of MHSF-TBL for incorporating 
all three TBL factors in to the existing productivity-based model. Section 4.3 presents the 
application of each phase to the framework for TBL modelling. The researcher consulted the 
original model developers with the aim of reusing their productivity-based discrete model for 
the purpose of this thesis.  
 
4.3 Application of MHSF-TBL to the ABM-UHB Case Study 
The following sub-sections present the first application setting of MHSF-TBL. 
 
4.3.1 Phase I: Conceptual Model Formulation 
STEP 1) Problem and objective identification 
As discussed previously, in any healthcare reform, three main responsibilities must be taken 
into consideration (social, environmental and economy). However, the original 
recommendations considered only the social aspect of the service reconfiguration. 
Accordingly, the model presented in Mustafee et al. (2011) did not consider the TBL factors. 
In the original case study, the model focused on the capacity and demand for haematology 
OPD across SH, MH, NPTH and PWH.  This research extends the aptitudes of the existing 
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model by incorporating aspects of TBL through the use of the MHSF-TBL framework-driven 
approach. Based on the case study described above, the overall objective is: to evaluate the 
suitability strategy of restructuring the haematology OPD service in ABM-UHB from TBL 
framework (environmental, social and economic responsibilities) perspective.  
 
STEP 2) Determining the conceptual model and general objective decomposition  
Subsequent to identifying the overall objective, it needs be decomposed in to the smaller sub-
objectives. Moreover, the modeller should ensure the inter-relationships between the sub-
objectives are well understood (also the sub-objectives when taken together should try and 
fulfil the main objective – identified in step 1). This will help the modeller reduce the TBL 
modelling complexity and facilitate the TBL modelling process in the M&S software.  
 
To facilitate the model development, the sub-objectives are then named as “Transportation” 
(Sub-objective 1) and “Clinics” (Sub-objective 2). In addition to the experts’ opinion, review 
of reported studies were sought in the field of healthcare capacity and demand modelling and 
healthcare modelling reusability (i.e. Bell et al., 2008; Brailsford et al., 2009; Giachetti et al., 
2005; Glowacka et al., 2009; Harper and Gamlin, 2003; Paul and Taylor, 2002). The main 
objective identified in step 1 can be accomplished by achieving the following sub-objectives: 
1) Transportation (Sub-objective 1):  
To capture the variation in patients’ transportation and logistics, which is affected by factors 
such as type of transportation, distances etc. 
2) Clinics (Sub-objective 2): 
To capture the capacity and demand efficiency, which is affected by factors such as referral to 
treatment waiting time, provision of specialist clinics etc. for haematology OPD across the 
consolidation. 
 
Subsequent to the objective decomposition, the next step is to make the TBL system more 
visible and understandable. The process of constructing the conceptual representation for the 
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ABM-UHB system under TBL view involves a certain amount of simplification of underlying 
system. This is because it is a record of the necessary activities to support the system’s 
transformation of input to output for achieving NHS carbon reduction targets (See Phase I-
Step3). The focus is on building one overall conceptual representation in order to understand 
the ABM-HUB system, which was simple and sufficient for TBL modelling. For the purpose 
of understanding the movement of patients from their residents to the haematology OPD 
department, a conceptual representation of the ABM-UHB system is developed (Figure 14).  
According to the original case study, the patients can enter the clinics either as: a) new 
referrals, which are prioritised into either urgent slots (referral to be visited in 2-4 weeks) or 
routine slots (referral to be visited within 18 weeks); or b) Urgent Suspected Cancer (USC) 
referrals, which are sent to one of the “Safe Haven” fax machines for their first appointment 
in 10 days. All the referrals were informed of the date and location of the clinics for their first 
New Patient (NP) appointment. Patients are usually given another NP appointment when they 
either Did Not Attend (DNA – no shows) or were Unable to Attend (UTA – patients that 
informed the clinics that they will not be able to keep an appointment). A NP appointment 
usually leads to a Follow-Up Appointment (FUP) and, subsequently, a clinical decision is 
made as to whether another FUP appointments are needed. According to the available pool of 
haematologists, each clinic has a specific allocation of appointment slots (including both NP 
and FUP slots). Figure 14 illustrates the conceptual representation of the system for TBL 
modelling using Activity Cycle Diagram (ACD) method. 
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Another FP Required?
No
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Figure 14: Conceptual Representation of the ABM-UHB Case Study 
(Adapted from Mustafee et al., 2011) 
Transportation 
(Sub-objective 1) 
Clinics (Sub-
objective 2) 
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STEP 3) Identification of the TBL bottleneck and Key Process Indicators (KPIs)  
The next step involves determining how and which of the sub-objectives identified in the 
previous step will be affected by the introduction of transformations to the ABM-UHB system 
and identifying the associated KPIs. As discussed in MHSF-TBL description, TBL bottleneck 
and TBL KPIs needs to be identified during this step. Identifying TBL Bottleneck and KPIs 
will help the modellers define the scope and boundaries of the model. This is a crucial step for 
reducing the complexities involved in dealing with TBL-based systems.  
 
As part of the NHS “Commissioning for Sustainable Development” Plan (A Guide to 
Sustainable Development for Clinical Commissioning Groups (CCG)), NHS healthcare unites 
should contribute to the NHS sustainable development strategy. “Commissioning for 
Sustainable Development is the process by which commissioners improve both the 
sustainability of an organisation, and the way it provides services and interacts with people in 
the community” (NHS Sustainable Development Unit, 2012). This plan proposes striking the 
right balance between the three key areas of economic, environmental and social 
responsibilities when making commissioning decisions. The NHS sustainable development 
unit argues that CCGs can shape a more sustainable development by: “1. developing a “whole 
systems” approach to commissioning; 2. understanding their role in improving the 
sustainability of healthcare; 3. using the commissioning cycle to increase sustainability and to 
implement the NHS Carbon Reduction Strategy”. To support this strategy, on the basis of the 
literature review (i.e. Haghshenas et al. (2015); Mustafee et al., (2015); Feng et al. (2015)), the 
researcher attempted to identify the most relevant TBL KPIs for this case. However, access to 
data for such modelling is a challenge, as it may need to capture the TBL elements of the 
underlying system. Moreover, the findings suggest there is no standard and generally accepted 
set of SDEV indicators (metrics). Therefore, in this work, the researcher attempted to include 
at least one representative KPI for each TBL pillars in order to test the proposed framework 
for TBL modelling in the healthcare context. To evaluate MHSF-TBL, the researcher assumes 
the following factors in support of TBL KPIs: 
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 Social responsibility is modelled in terms of quality of service and efficiency aspects 
of operations, which is measured with the Referral To Treatment (RTT) waiting time 
– focusing on the capacity and demand issues for haematology OPD across SH, MH, 
NPTH and PWH (ABM-UHB have a goal of reducing RTT waiting time in 
hematology OPD clinics);  
 Economic responsibility is analysed in terms of cost of relocation and resource 
efficiency (i.e. provision of specialists);  
 Environmental responsibility is modelled in terms of CO2 emissions and fuel 
consumption, which is a function of transport and applies to patients. It is expected 
that the consolidation of outpatient clinics will have an impact on the distance travelled 
by the patients to attend a clinic. 
 
According to the United Nations Sustainable Development Report (1992) Chapter 40 of 
Agenda 21- “indicators of SDEV need to be developed to provide solid basis for decision-
making at all levels and to contribute to a self-regulatory sustainability of integrated 
environment and development systems” (United Nations, 1992). However, this study is 
concerned primarily with testing the application of MHSF-TBL for TBL modelling within a 
healthcare context; therefore, the full assessment of the validity of the TBL model falls outside 
its scope. It is not anticipated that the final model will be used by the decision makers at ABM-
UHB now, as there is no access to the stakeholders. Thus, the TBL KPIs selected are only 
serving towards this, and discussion of the model validation will not feature in this research.  
 
Subsequent to identification of the TBL KPIs, modellers are to define the TBL bottleneck of 
the system. Identifying “TBL Bottleneck” could assist problem owners to maintain the 
sustainability of their system. Subsequent to the consultation with the original model developer 
and the problem identification discussion provided above, the only TBL-bottleneck for the 
system has been considered to be minimising the referral time using the available 
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haematologists. However, in addition to the waiting time and resource planning objective, 
using MHSF-TBL the research is analysing the social, environmental and economic impact of 
system after introducing the changes to the system.  
 
4.2.2. Phase II: Design and Combination Phase 
STEP 1) Model Translation 
In this step, initially, the most appropriate M&S method for developing the TBL-based models 
should be identified. The discrete modelling technique will be used to gain further 
understanding of the system in terms of productivity measures. This will be used to model the 
system at individual (discrete) level in order to analyse the system with higher resolution and 
provide the detailed analysis about the short-term impact of TBL KPIs on the system. The 
Continuous modelling methods, however, can be applied to model the system in order to 
provide a holistic view of the long-term interplay between TBL KPIs on the system. The 
criteria determination for each component of the model will help define the appropriate 
technique for modelling.  
 
On the basis of the discussion provided for Phase I, the research has identified the level of 
analyses for each sub-objective. Criteria provided in Table 10 are applied to determine the 
most appropriate method for each sub-objectives. 
 
Table 10: Criteria for selection between SD and DES for TBL modelling for this case 
study  
(Adopted from Chahal (2010) and Brailsford (2011) 
Criteria   
Problem Perspective 
Purpose TBL monitoring: strategic 
decision makings for ABM-
UHB Case Study. 
Productivity-based decisions: 
TBL-based optimisation, for 
haematology OPD Unit.  
Problem Scope Strategic Productivity-based operations 
Importance of 
interaction between TBL 
KPIs 
Low High 
TBL system’s Perspective 
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System View  Holistic view on ABM-UHB 
system 
Detailed view 
Dealing with complexity Dynamic complexity Detail complexity 
Evolution over time Continuous Event-based 
TBL Analysis Perspective 
Required level of 
Resolution 
Aggregate high level Detailed individual level 
TBL impact Long-term Short-term 
Suitable Method SD DES 
 
The purpose of Table 10 is to provide guidance with regards to selection between SD and DES 
on the basis of the integrated view of system, problem, methodology and TBL analysis for 
developing a TBL-based model for each sub-objective of the ABM-UHB case study.  
 
Subsequently, the discrete and continuous models have been designed. As discussed in the 
framework description in the previous chapter, any of the SD and DES simulation software 
packages can be applied to the development of TBL-based models. For the purpose of this 
case study, the researcher will use Simul8 simulation modelling software package for DES, 
and Vensim® simulation software package for SD.  
 
i. Development of the SD model 
The SD model has been developed for holistic and strategic analysis of system using Vensim 
software. Vensim is a simulation software for improving the performance of real systems 
(Zhan et al., 2012). Table 11 presents the variables used to develop the SD model.  
Table 11: Variables for the SD model  
(Adopted from Haghshenas and Vaziri, 2012) 
Variables for Transportation sub-objective Unit 
Transportation Pollution 
Annual CO2 emission generated from patients’ personal cars. 
gr/mile 
Transportation energy consumption 
Average consumption of non-renewable fossil fuel resources for transport to clinics 
using patients’ personal cars. 
lit/mile 
Transportation distance 
Distant travelled by patients during the whole treatment process 
mile 
Travel time 
Average time spent making return trips to the clinics 
min 
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The system view of the interplay between variables is presented as a Causal Loop Diagram 
(CLD) in Figure 15. Positive links are denoted with a “+” whereby the two variables have the 
common direction, and negative links are denoted with a “-” whereby the two variables have 
contrary direction. The interactions between variables, such as total number of patients 
travelling to clinics, fuel consumption and Co2 emissions, are captured by feedback loops. 
 
Figure 15: Relationships between variables of ABM-UHB system 
 
In this CLD model, “Co2 Emission” is the core endogenous variable, which affects 
sustainability of the system. These feedback loops can be balancing or reinforcing. Reduction 
of “Fuel Consumption” decreases the Co2 emission. The rate of Fuel Consumption is affected 
by “Total Number of Patients”, “Fuel Efficiency”, “The Distance Travelled” and “Tendency 
to Use Public Transport”. This relationship is represented by the feedback loops.   
 
The reorganisation of ABM-UHB affects the Co2 emission rate, thereby influencing the total 
number of patients travelling by their private cars to the clinics and the distance travelled by 
patients. The lower the rate of the distance travelled and private cars used (high tendency to 
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use public transport), the lower the level of Co2 emission generated by patients’ cars. 
Therefore, the relationship between the number of private cars used and average distance 
travelled by patients and the level of Co2 emission is a negative relationship.  
 
The reinforcing loops may stabilise the system in the short-term, but will destabilise the system 
over a longer period. The impact of CO2 emission reduction will have a positive impact on the 
rate of diseases caused by air pollution; subsequently reducing the long-term healthcare costs. 
The reorganisation of ABM-UHB can influence the distance travelled by patients from their 
homes to the clinic and their tendency to use public transport, which can influence fuel 
consumption and result in an increase or decrease in the Co2 emission. The longer the distance 
travelled, the higher is the fuel consumption rate; thus, the Co2 emission rate will be higher. 
Therefore, the relationship between the ratio of average distance travelled and Co2 emission 
is positive.  
 
Subsequent to development of the SD model, the researcher has realised that another feature 
of SD and CLD can be used in TBL modelling. Therefore, this research proposes applying a 
Qualitative System Dynamic (QSD) in a hybrid format for TBL modelling for holistic analysis 
of the system and facilitate the translation of the conceptual representation of the system to the 
quantitative model. This new feature could reduce the complexities associated with combining 
SD with discrete models in healthcare simulation. The following section provides a discussion 
of the lessons learned from the implementation of Phase I and the development of the SD 
model for this case study.  
 
According to the literature, there are two types of hybrid modelling formats in OR/M&S field; 
namely, soft and hard (Mustafee et al., 2015). The hard hybrid format is defined as the 
application of multiple M&S technique during the model implementation stage (Brailsford, et 
al., 2010). The application of hard hybrid M&S is discussed in detail in Chapter 2. According 
to the literature, hard hybrid format focuses primarily on individual simulation methods during 
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the implementation stage (Wienke and Mustafee, 2015). Meanwhile, the soft hybrid approach 
is defined as: “studies that apply methods and techniques from disciplines like Operations 
Research, Systems Engineering and Computer Science to one or more stages of a simulation 
study” (Powel and Mustafee, 2014). Unlike hard hybrid simulation, combining models in a 
soft hybrid approach is not limited to the implementation stage; it may occur at various stages 
of modelling process, such as problem formulation or conceptual modelling. 
 
Application of the soft hybrid approach to TBL modelling may help the modellers to better 
represent the whole system. This is because combining soft OR methods with M&S techniques 
could occur at earlier stages of the modelling process; for example, problem 
structuring/conceptual modelling stage. Therefore, this research argues that this approach 
could not only provide insight into the complex TBL-based systems, but also potentially 
support the development of the quantitative models (i.e. DES, ABS, etc.) and  be applied 
together with other soft OR/M&S techniques (i.e. Soft System Methodology). Therefore, this 
research proposes applying a QSD in hybrid form to TBL modelling for holistic analysis of 
the system and to facilitate the translation of the conceptual representation of the system to the 
quantitative model. This type of hybrid technique is called “hybrid M&S study” in M&S 
literature. The following section discusses the advantages of applying QSD as part of a hybrid 
approach to TBL modelling.  
 
In addition to the conventional quantitative form of SD, the M&S experts have extended 
recently its archetype to a qualitative form, known as QSD (Powell and Coyle, 2005). QSD is 
a subset of SD, which is applied usually as a qualitative conceptual modelling method for high-
level analysis of the systems. Powell and Coyle (2005) argue that, in its analytical format, 
QSD could substitute the quantitative simulation system output with a high-level strategic 
analysis, focusing on predicting ideal managerial interventions by direct consideration of the 
central dynamics of the underlying system. On the basis of this argument, this research 
proposes exploiting the capability of SD (its QSD version) in relation to incorporating the 
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system knowledge other than of a numeric nature in order to address the TBL modelling 
requirements.  
 
Furthermore, this research argues that QSD could provide greater understanding of the TBL-
based system as it could provide enhanced visibility for interrelationships between tangible 
factors (i.e. measurable and productivity-based factors) and intangible factors (i.e. factors 
related to the social responsibility such as ethical values and etc.). This may not be possible to 
present using traditional conceptual representation methods, such as the Activity Cycle 
Diagram (ACD) or flowcharts. Additionally, application of QSD in a soft hybrid format could 
reduce the misrepresentation and oversimplification of the underlying complex TBL-based 
system.  
Nevertheless, in some cases, hard hybrid simulation is necessary between discrete and 
continuous models. As discussed in section 3.1, this framework aims to reduce the modelling 
complexity and provide the modellers with guidance that can be understood by non-experts. 
Therefore, in cases where the soft hybrid simulation approach could not help the modellers 
address the TBL modelling criteria identified in Chapter 3 (section 2.6.2), the hard hybrid 
format should be applied. Therefore, this research argues that the hard hybrid simulation is 
required when: a) the QSD is not sufficient for higher level and long-term analysis of the TBL-
based system; and b) the appropriate data (i.e. historical data) for being exchanged between 
TBL KPIs between two models is available. Therefore, if the soft hybrid format (hybrid M&S 
study) is selected for TBL modelling, steps 2 to 4 of Phase II in MHSF-TBL should be skipped. 
It is noteworthy that, if required, applying QSD would facilitate the implementing hard hybrid 
simulation between SD and discrete models. This modification (revision) to the original 
framework will be presented in Chapter 6. 
 
On the basis of the above discussion, this research applies a QSD model in hybrid simulation 
study (soft hybrid form). The holistic understanding about the system, achieved through the 
use of the qualitative form of SD, will be used for analysing the system at individual level and 
A Generic Hybrid Modelling & Simulation Framework for Sustainable Development Analysis in Healthcare 
Context 
 
124 
 
for TBL-based analysis in phase III. The following sections explain how the productivity-
based DES model developed by Mustafee et al. (2011) is reused for TBL modelling.  
 
ii. Re-using Discrete-event Simulation Model for TBL Modelling 
As mentioned previously, this research re-uses the DES model (Figure 16) developed by 
Mustafee et al. (2011) for the ABM-UHB case study. The main objective of the original DES 
model was to capture only detailed activities of Haematology OPD and provide information, 
such as capacity and demand, waiting time provision of resources and scheduling. Figure 16 
presents a screenshot of the Simul8 model being developed. This research, with consultation 
of the original model developers, has executed some modifications (on the basis of the system 
understanding achieved by QSD model) to the original model, while retaining the 
characteristics of the system under inspection in order to incorporate the TBL KPIs to the 
existing model. The following data set was used to incorporate the environmental 
responsibility KPI to the model: 
The focus of this research, which is on evaluating the productivity-based model reusability for 
TBL modelling, has necessitated certain trade-offs. In other words, the model re-used for the 
purpose of this chapter is not fully fit for A&E modelling; moreover, as discussed previously, 
the only TBL-bottleneck for the system is the pre-defined number of appointment slots. 
 
1. UK Department of Transport, Transport Energy and Environment Statistics (Last Accessed 
September 2015);  
2. UK Government: Department of Transport and Department of Energy and Climate Change 
(http://carfueldata.dft.gov.uk/) (Last Accessed September 2015) 
3. Welsh government- Traffic Wales (http://www.traffic-wales.com/calculator.aspx) (Last 
Accessed September 2015) 
1. UK Department of Transport, Transport Energy and Environment Statistics  
The first source provides detailed information about transport energy and environment 
statistics (statistics on the impact of transport on energy consumption, greenhouse gas (GHG) 
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emissions from transport and pollution from transport). Statistical data was derived originally 
for the energy and environment chapter of the annual Transport Statistics Great Britain report. 
In this source, the raw CO2 figures are taken from the VCA Car Fuel Data database site. This 
data comes from the manufacturer's published CO2 ratings for their car.  
2. UK Government: Department of Transport and Department of Energy and Climate 
Change (http://carfueldata.dft.gov.uk/)  
The second source provides information pertaining to car fuel consumption and Co2 emissions 
for new and used cars registered in the UK on or after 1 March, 2001. This source provides a 
spreadsheet that lists the type of cars used in UK and the Co2 emission gr/mile in addition to 
the associated fuel costs. 
3. Welsh government- Traffic Wales (http://www.traffic-wales.com/calculator.aspx) 
The third source provides a carbon calculator tool to measure the amount of carbon dioxide 
(CO2) likely to be released into the atmosphere for any given car journey undertaken in Wales. 
This source also provides detailed information about the specific characteristics of the make 
of car. 
From the above, the researcher uses an approximation of CO2 emission and fuel consumption 
per mile travelled for patients’ cars. Consequently, the CO2 configuration of the model in this 
research is considered as 138 g/km (grams of carbon dioxide per kilometre driven) converted 
to 223 gr/mile for the current cars (http://www.carpages.co.uk/co2/) and 124.6 gr/Km 
(converted to 200.52 gr/mile) for new cars in 2014 
(https://www.gov.uk/government/collections/energy-and-environment-statistics).  
According to the statistics available from the UK Department of Transport 
(https://www.gov.uk/government/), petrol cars travelled an average of 46.34 miles per gallon 
of fuel (6.10 litres per 100km) while diesel cars travelled an average of 54.32 miles per gallon 
of fuel (5.20 litres per 100km) in 2011 (Table 12). According to the UK Vehicle Licensing 
report (2014) the propulsion system of 68.7% of registered cars in 2011 were petrol, 30.8 were 
diesel, 0.4 were hybrid electric and 0.2 gas (including gas, gas bi-fuel, petrol/gas and gas-
diesel). Thus, the fuel consumption was converted to 0.1818 litre/mile. 
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Table 12: Fuel consumption in 2011 
Propulsion 
system 
Consumption for mil/gallon of 
fuel in 2011 
Consumption for litters/mile of 
fuel in 2011 
Petrol 46.34 0.09810 
Diesel 54.32 0.08369 
Total 100.66 0.18179 
 
The number of patients travelling to clinic was extracted from the original case study 
(Mustafee et al., 2011). The distances travelled by patients to the clinics were generated using 
the random number generator tool in the Simul8 software.  
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Figure 16: DES model for the ABM-UHB Case Study (Before reorganisation) 
(Developed by Mustafee et al., 2011) 
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It is noteworthy that the focus of this research, which is on evaluating the productivity-based 
model reusability for TBL modelling, has necessitated certain trade-offs. In other words, the 
model re-used for the purpose of this chapter is not fully fit for A&E modelling. 
On the basis of the argument provided in this chapter, this research applies a hybrid M&S 
study (soft hybrid modelling); therefore, hard hybrid simulation has not been implemented 
between discrete and continuous models. This research exploits the capability of QSD for 
incorporating the system knowledge other than that of a numeric nature, in order to address 
the TBL modelling requirements. Therefore, steps 2 to 4 of Phase II will be skipped. The 
following section presents the TBL-based analysis discussion of the results produced by the 
QSD-DES hybrid M&S study developed for the ABM-UHB case study.  
 
4.2.3 Phase III: TBL Analysis Phase 
Experiments were conducted on the basis of CCG’s plan for SDEV (Phase I, Step 3) and the 
ABM-UHB reorganisation plan (section 4.2). In order to uncover the impact of each of the 
two activities on the TBL KPIs, the researcher first simulated scenario 1, which focuses on a 
current situation whereby there are four haematology clinics in four different locations (two 
clinics in the east zone and two in the west zone of the ABM-UHB catchment area). The DES 
model for the first scenario is presented in Figure 16.  
 
Next, the researcher reused the modified model (Figure 17) to simulate scenario 2, which 
focuses on the ABM-UHB system following reorganisation (SH is proposed for catering 
mainly to the west zone and PWH for catering to the east zone). Table 13 presents the 
configuration of the experimental scenarios used in this case study.  
Table 13: Experimental Scenarios Configuration. 
Scenario Configuration 
Scenario 1 There are four haematology clinics in four different locations (two 
hospitals in the east and two in the west) 
Scenario 2 There are two clinics in two different locations (one hospital in the east 
and one in the west) 
A Generic Hybrid Modelling & Simulation Framework for Sustainable Development Analysis in Healthcare Context 
 
129 
 
 
Figure 17: DES Model for the ABM-UHB Case Study (Scenario 2)  
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All possible policy and parameter combinations should be tested in order to achieve a 
comprehensive SDEV analysis of the ABM-UHB case study. However, for purposes of 
illustration, this research presents two possible scenarios based on the results from scenarios 
1 and 2. Due to the lack of data and access to the stakeholders, the researcher had to make 
several assumptions for analysing the scenarios (for example, the random number streams has 
the same random seed values for number of patients, the distances travelled by patients and 
the availability of haematology specialists and consultation time).  
 
The results generated from the DES model are taken and saved in CSV files. Tables 14 and 15 
presents the results yielded from the experiments conducted respectively for scenarios 1 and 
2. 
 
Table 14: Results for Scenario 1  
Results for Scenario 1 (the statistics are rounded to two decimal points) 
Clinics Distance 
Travelled 
(mile) 
Co2 Emission 
(gr/mile) 
Fuel 
Consumption 
(lit/mile) 
Average RTT 
(Weeks) 
NPTH 133294 29185201.2  24232.85  6.15 
PWH 33594 7355527.24 6107.39 11.72 
SH 627146 137315875 114015.143 1.29 
MH 32966  7218024.38 5993.22 19.81 
  
Table 15: Results Table for Scenario 2 
Results for Scenario 2 (the statistics are rounded to two decimal points) 
Clinics Distance 
Travelled (mile) 
Co2 Emission 
(gr/mile) 
Fuel 
Consumption 
(lit/mile) 
Average time of 
referral (Weeks) 
East Zone 156046 34166797.4 28369.16 7.83 
West Zone 929204 203452560 168929.3 1.37 
 
 
According to the results presented in Tables 15 and 16, the ABM-UHB reorganisation strategy 
has a significant impact on all TBL KPIs. The graphs generated by DES for the representative 
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TBL KPIs in the system under study are presented in Figures 18 to 21. It is noteworthy that, 
on the basis of the discussion provided in section 4.1 and the nature of the system, the 
researcher anticipates a positive impact on economic responsibility of the system following 
implementation of the ABM-UHB reorganisation strategy. The researcher observed that the 
first scenario, indicated in yellow, has a considerable negative impact on the distance travelled 
to the clinics by each patient (negative impact on social aspect of TBL). As presented in the 
QSD model (Figure 15), the distance travelled by patients has a reinforcing impact on Co2 
emission and fuel consumptions (negative impact on the environmental aspect of TBL). The 
second scenario, indicated in green, performs rather well only in the east zone. The 
experimentation results from the second scenario demonstrate that the distance travelled by 
SH patients (west zone) has increased by 41%, while it reduced by 6% for the PWH patients 
(east zone) (Figure 18). Consequently, the Co2 emissions produced and the fuel consumed by 
the patients traveling to SH has increased by 40% and the Co2 emission produced and the fuel 
consumed by PWH patients has decreased by 6% (Figure 19). Conversely, the results 
presented in Figure 20 illustrate that scenario 2 performs better in terms of RTT waiting time 
reduction in SH (west zone), compared with the PWH (east zone). The results reveal that the 
RTT waiting time is reduced by 87% in SH and by 13% in PWH (Figure 21).  
 
The tested scenarios’ input (each scenario is represented in a different colour code; see Tables 
15 and 16) and the customised output figures illustrate the analysis pertaining to the 
aforementioned scenarios using the same colours.  
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Figure 18: TBL-based Results Analysis (Distance Travelled by Patients) 
 
 
Figure 19: TBL-based Results Analysis (Co2 Emission) 
 
Figure 20: TBL-based Results Analysis (Fuel Consumption) 
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Figure 21: TBL-based Results Analysis (Average RTT) 
 
4.3 Summary: 
This chapter has provided discussions on the applicability and suitability of the proposed 
MHSF-TBL in healthcare context. This evaluation investigated the application of MHSF-TBL 
for productivity-based DES model. The research has developed a QSD model in order to 
identify the interactions between TBL KPIs within the system and analyse the whole TBL-
based system. The researcher reused the existing DES model of a healthcare organisation; 
namely, the ABM-UHB for SDEV analysis by considering environmental and social factors 
alongside the financial benefits for the healthcare unit.  
 
This evaluation helped the researcher to identify the limitations of the MHSF-TBL for TBL 
modelling, which could not be identified without model development. The application of soft 
hybrid modelling and QSD for TBL modelling also discussed in this chapter. This will 
explained further in chapter 6. The next chapter will the application of the framework for TBL 
modelling to reuse an ABS model that was developed for an existing healthcare case study.  
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Chapter 5: Second Evaluation of the MHSF-TBL for Reusability of 
Productivity-based ABS Models for TBL Modelling 
 
5.1 Introduction 
Chapter 4 presented the first attempt to evaluate the framework’s application to the reuse of a 
DES model developed for productivity analysis of a healthcare system. As discussed in 
Chapter 3, the focus of MHSF-TBL is based largely on the SD-DES hybrid M&S study for 
developing TBL-based models. The original discussion on the TBL modelling is based on the 
argument that a simulation approach chosen for TBL modelling should include both “discrete” 
and “continuous” capabilities in order to address both the strategic and operational aspects of 
the problem. Additionally, as discussed in chapter two, ABS is among the most commonly 
applied M&S technique for SDEV analysis. Therefore, in order to extend the contribution of 
this framework in the field subsequent to the first evaluation, the research indicates that the 
framework can also be applied for reuse of existing productivity-based ABS models for SDEV 
analysis in healthcare. To achieve this, some modifications have been made to the framework 
(Section 5.3). 
 
The remainder of this chapter is structured as follows. The next section (5.2) provides 
background to the case study, which is in the context of London Emergency Medical Services 
(EMS). Section 5.3 provides a discussion of the application of MHSF-TBL to the case study. 
Finally, section 5.4 provides a brief summary of the chapter, concluding with an overview 
evaluating the MHSF-TBL for its second application setting.   
 
5.2 Case Study Background 
This section provides a background to the selected case study. To establish the proposed 
MHSF-TBL for TBL modelling in a healthcare context, another healthcare case study is used 
here. The original case study is based on Anagnostou (2014).  
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EMS (UK) prides itself on being one of the few independent ambulance providers to offer the 
services of highly-qualified pre-hospital care personnel. London Ambulance Services (LAS) 
is the busiest emergency ambulance service in the UK to provide healthcare that is free to 
patients at the point of access. They are also the only London-wide NHS trust. LAS employs 
more than 4,500 staff working across a wide range of roles based in 70 ambulance stations. 
They serve more than seven million people who live and work in the London area. Overall, 
ambulance services include the emergency call centres, the vehicles and the crews (including 
paramedics). The call operators respond to the emergency call, assess the incident severity in 
order to send the appropriate vehicle and crew, find the closest available vehicle to the site of 
the incident and send the vehicle to the patient. The crew, in turn, apart from the medical 
treatment on site, must decide whether the patient needs to be transferred to a hospital or 
released following on-scene treatment. If the patient needs to be transferred to hospital, the 
fastest route to the closest available centre should be found.   
 
The case study used in this chapter originally formed part of the research study conducted by 
Anagnostou (2014). In her research, Anagnostou (2014) demonstrates the feasibility of using 
distributed simulation technology to implement a distributed hybrid ABS-DES model on the 
London EMS where LAS was used as the basis for the exemplar scenario. Anagnostou (2014) 
collected online data published by the UK’s Department of Health (DoH) on the London 
ambulance and accident and emergency departments.  
 
The case study presented in Anagnostou (2014) was based on the London EMS and consists 
of an ambulance service ABS model and several accident and emergency departments DES 
models. She developed ABS in Repast Simphony 
(http://repast.sourceforge.net/repast_simphony.php) toolkit using poRTIco RTI software 
(http://www.porticoproject.org/comingsoon/). One of the contributions made by Anagnostou 
(2014) was the provision of a simulation tool for emergency medical services analysis in order 
to improve quality and reducing cost in planning and training.  
A Generic Hybrid Modelling & Simulation Framework for Sustainable Development Analysis in Healthcare 
Context 
 
136 
 
 
This research uses her study to investigate the application of MHSF-TBL to the reuse of this 
productivity-based ABS model to a TBL-based model. This will be investigated through 
introducing environmental and social KPIs in the model. The next section discusses the 
application of MHSF-TBL for incorporating the three TBL factors into the existing 
productivity-based model. 
 
5.3 Application of MHSF-TBL to the case study 
As discussed above, the research has modified the MHSF-TBL for the purpose of reusing ABS 
models for SDEV analysis. Since the original MHSF-TBL has been developed for SD-DES 
hybrid model, the steps of phase II (Design and Combination) cannot be used as in the original 
framework. Therefore, Phase II will be modified and renamed “Design and Combination for 
ABS Model Reusability” (section 5.3.2). No changes to Phases I and III are required. The 
modified MHSF-TBL is depicted in Figure 22. Moreover, the hybrid M&S study (soft hybrid 
format) will be applied to this case study. The following sub-sections discuss the application 
of modified MHSF-TBL to its second application setting. 
 
 
 
 
 
 
 
 
 
 
 
Figure 22: Revised MHSF-TBL for its second application setting 
 
Phase I: Conceptual model formulation 
STEP 1) Problem and objective identification 
STEP 2) Determining conceptual model and objective decomposition 
STEP 3) Identification of the TBL bottleneck and TBL KPIs 
Phase II: Revised Design and Combination phase for ABS model reusability 
Phase III: TBL Analysis  
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5.3.1 Phase I: Conceptual model formulation 
STEP 1) Problem and Objective Identification 
Climate change and global warming are the results of the excess concentration of certain 
atmospheric gasses, known as GHG. From the six main GHG, carbon dioxide CO2 is the major 
man-made gas released by burning fossil fuels. According to a report commissioned by the 
National Health Service (NHS) Sustainable Development Unit (SDU) in the UK, NHS 
England represents 25% of the total English public sector GHG emissions (SDU 2008). To 
support the reduction of the greenhouse effect, the NHS SDU developed strategies (Carbon 
Reduction Strategy 2009, and a Sustainable Development Strategy 2014-2020) to meet the 
Climate Change Act (HMSO 2008) targets of 26% reduction in GHG emissions by 2020 and 
80% reduction by 2050 (www.sduhealth.org.uk). 
 
A significant proportion of the NHS GHG emissions are caused by travel. The carbon footprint 
report (SDU 2008) states that the travel GHG emissions accounted for 18% of the total NHS 
emissions in 2004. Carbon footprint refers to the total set of GHG emissions produced by an 
organisation or a person (GrEAN, 2011). In the report, travel includes all business travel, fleet, 
and patients and visitors travel to healthcare facilities. Each NHS Trust published policies for 
contributing to GHG emissions reduction and conformance to Climate Change Act (HMSO, 
2008) targets. According to the NHS Sustainable Development Unit, The LAS carbon 
footprint in 2010 was 17,885 tonnes of CO2 emissions in total. Approximately 12,500 tonnes 
CO2 were caused by the fleet.  
 
From October 2013, it is mandatory for big companies in the UK to report direct and indirect 
GHG emissions (DEFRA 2013). These are defined by the GHG Protocol as, “Direct GHG 
emissions are emissions from sources that are owned or controlled by the reporting entity. 
Indirect GHG emissions are emissions that are a consequence of the activities of the reporting 
entity, but occur at sources owned or controlled by another entity” (The Greenhouse Gas 
Protocol, 2012).  Further classification categorises the GHG emissions into three scopes:  
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 Scope 1: All direct emissions,  
 Scope 2: Indirect GHG emissions from consumption of purchased electricity, heat or 
steam 
 Scope 3: Other indirect emissions. 
 
Due to the nature of ambulance services, the major part of GHG emissions is caused by the 
fleet. Consequently, and due to the lack of detailed data on indirect emissions, this research 
uses only direct emissions generated by the ambulance fleet (scope 1). Furthermore, from the 
six GHG, only information pertaining to CO2 emissions is reported; therefore, this is included 
in the model.  
 
As part of NHS England, LAS NHS Trust contributes to the NHS carbon reduction strategy. 
In 2010, as part of the Corporate Social Responsibility report, LAS published the planned 
carbon reduction activities (www.londonambulance.nhs.uk). These include, among others, 
cycle response and low emission fleet. According to SDU (2012), the low emission fleet was 
redundant currently but is considered for future years. 
 
According to the problem description, the definition of the underlying system is: “London 
Ambulance Service System (LAS) that support NHS’s carbon reduction strategy in order to 
reduce the environmental impact of ambulance services while reducing the costs and satisfying 
the response time proposed by NHS”. The root definition describes an agreeable future view 
of the sustainable LAS system. Based on the main case described above, the overall objective 
is: “to analyse the NHS’s carbon reduction strategy and assess the LAS’s planned supporting 
activities against the TBL framework”.  
 
STEP 2) Determining Conceptual Model and Objective Decomposition 
Subsequent to structuring the problem and determining the model objectives, the next step is 
to make the ideal TBL system more visible and understandable. The focus is on building one 
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overall TBL-based conceptual model in order to understand the LAS system that is simple and 
sufficient for TBL modelling. Figure 23 illustrates the conceptual representation of the system 
for TBL modelling using the Activity Cycle Diagram (ACD) method. Due to the characteristics 
of both ABS and SD methods, and the problem identified for this specific case study, the 
objective decomposition is not requiered for this case study. This will be discussed further in 
Phase II (Section 5.3.2). 
 
Incident 
Generated
Find 
Ambulance
Ambulance 
travel to 
scene
Patient 
treatment 
on scene
Need transport?
Ambulance 
return to 
station
Find 
hospital
Travel to 
hospital
Patient 
handover
Ambulance 
return to 
station
 
Figure 23: Conceptual representation of the system 
 
STEP 3) Identification of the TBL Bottleneck and KPIs  
This step determines how the system will be affected by introducing transformation to the LAS 
system. As discussed in the section describing the MHSF-TBL (3.3), TBL bottleneck and TBL 
KPI needs to be identified in this step. This is critical step for reducing the complexities 
involved with TBL-based systems.  
 
Similar to the first evaluation, the researcher attempted to include at least one of each 
representative KPIs for TBL. To illustrate MHSF-TBL, the researcher assumes the following 
data in support of TBL KPIs. This research has used the Sustainable Operations Management 
(SOM) literature in order to identify the TBL KPIs for this evaluation. Social responsibility is 
modelled in terms of quality of service, which is measured by ambulance response time - 
which is the time taken to answer the emergency call, to the arrival of an ambulance vehicle 
at the incident scene. Economic responsibility is modelled in terms of fuel consumption by the 
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emergency vehicles for every incident. The average driving speed in London is 15mph 
(Steinbach et al. 2012), while cycle speed is considered, based on experience, 10mph. Finally, 
environmental responsibility is modelled in terms of CO2 emission by the emergency 
ambulance fleet (business travel within the Trust and other types of vehicles are not modelled). 
Information about the CO2 emission of the ambulance vehicles found online 
(www.whatdotheyknow.com/request/fleet_list_57 and 
http://www.commercialfleet.org/tools/van/running-costs/36/90000/Mercedes-Benz/). The 
first source links to a response by the LAS Information Governance Manager, dated 27th 
February 2013, to a public enquiry and provides a spreadsheet that lists the type of vehicles 
that are used by the organisation. According to this response, LAS uses Mercedes-Benz 
Sprinter vans for emergency ambulances. The second link provides detailed information about 
the specific car make characteristics. From the above, this research used an approximation of 
fleet CO2 emission and fuel consumption per mile travelled. Consequently, the fleet CO2 
configuration of the ABS model is considered as 240 gr/Km (converted to 386.243 gr/mile) 
for the current emergency fleet and 180 gr/Km (converted to 289.682 gr/mile) for the low 
emission emergency fleet. According to the emergency vehicles characteristics, in an urban 
environment they travel 25 miles per gallon of fuel. Thus, the fuel consumption was converted 
to 0.1818 litre/mile. 
 
Subsequent to the identification of TBL KPIs (Table 16), modellers should define the TBL 
bottleneck. On the basis of the discussion provided in step 1, the TBL bottleneck of this case 
study is 10% CO2 emission reduction, reducing the fuel consumption and minimising response 
time.  
Table 16. TBL KPIs for LAS case study 
TBL pillars TBL KPIs  
Social 
responsibility 
Social responsibility is modelled in terms of quality of service which 
is measured with the ambulance response time that is the time taken to 
answer the emergency call to the time that an ambulance vehicle 
arrives at the incident scene. 
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As discussed in Chapter 4, the focus of this chapter is to evaluate the application of MHSF-
TBL for TBL modelling in healthcare context; the full assessment for validity of the TBL 
model is not the main concern of the research. Therefore, the TBL KPIs selected serve only 
this end; thus, this research will not discuss the validity of the model.  
 
5.3.2 Phase II: Revised design and combination phase for ABS model reusability 
As discussed previously, the research investigates the application of MHSF-TBL in reusability 
of productivity-based ABS model for TBL modelling. According to the literature, ABS is used 
to model complex adaptive systems that consist of interacting elements (Heath et al. 2011). 
This technique has become a major area of M&S research effort (Viana et al. 2014; Taylor et 
al. 2013). ABS is used mainly to model decentralised, complex systems that consist of many 
inter-dependencies. Comparing with other M&S techniques, ABS can provide a more realistic 
view of a system that has these properties. In ABS, agent characteristics and behaviours may 
vary, they may have a goal to reach, and agents may learn from their environment and change 
their behaviour and goals accordingly. Arguably, ABS could help modellers develop models 
for social-environmental systems (Hare and Deadman 2004). However, the literature reviewed 
for the purpose of this research indicates little practical support for applying ABS techniques 
and how to implement them for such purposes.  
 
This research reuses the existing ABS model developed by Anagnostou (2014) to analyse the 
system at an individual level with higher resolution and provide the detailed analysis about 
impact of introducing SDEV strategy to the system. This research uses SD to provide a 
strategic view of the long-term interplay between TBL KPIs on the system.  
 
Economic 
responsibility 
Economic responsibility is modelled in terms of fuel consumption by 
the emergency vehicles for every incident 
Environmental 
responsibility 
Environmental responsibility is modelled in terms of CO2 emission by 
the emergency ambulance fleet (business travel within the Trust and 
other types of vehicles are not modelled) 
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According to the literature, a hybrid SD-ABS approach could be beneficial for strategic 
analysis as it may assist modellers in analysing the policy insights at different levels and spatial 
scales (Shafiei, et al., 2013). As discussed in Chapter 2, SD and DES are two popular 
simulation techniques; however, they are seldom applied to the SD-ABS hybrid format (i.e. 
Parunak, et al., 1999; Pourdehnad, et al., 2002; Hines & House, 2001; Grossler, et al., 2003; 
Lattila, et al., 2010; Martinez-Moyanoet al., 2007; Schieritz & Grossler, 2003; Scholl & 
Phelan, 2004). This research argues that modellers can benefit from using combined SD-ABS 
models for strategic analysis of large and complex systems. Application of combined SD-ABS 
may give the potential for developing a more viable and technically efficient and well-
designed model (Lattilia, et al., 2010). For example, this approach can capture the interactions 
of heterogeneous agents, which is not feasible using a pure SD model. In addition, SD-ABS 
can be solved quicker than a single ABS model as some parts of the model can be expressed 
continuously by simple differential equations (Lattilia, et al., 2010).  Vincenot et al. (2011) 
argue that developing SD-ABS hybrid models sometimes deals with computational and 
programming complexities, despite having potential advantages. However, as discussed in 
Chapter 4, this research applies soft hybrid formats for TBL modelling. In addition, this 
research uses the visual environments of the commercial DES packages visualising the data 
generated from ABS model. Furthermore, the event-driven simulation engine can facilitate the 
analysis of time-stamped data which is generated through the execution of the ABS model. 
Figure 24 depicts the model translation approach adopted for the purpose of this research.  
  
 
Figure 24: SD-ABS hybrid approach for TBL modelling 
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Figure 24 illustrates a schematic of the proposed hybrid modelling approach. The first 
component of the TBL-based model is an SD model that provides the holistic view of the TBL-
based systems and presents the interrelations between the TBL KPIs. The second component 
is an ABS model that analyses a system in an individual level; in this case, the ambulances of 
the LAS system. The ABS model generates data for every emergency incident as this is 
simulated dynamically with the progression of time. This component produces data for the 
existing system (base case) as well as for systems to test scenarios. The implementation of this 
TBL-based hybrid model for each component for sustainable strategic planning is explained 
below. 
i. Development of the Qualitative System Dynamics Model (QSD) 
This section discusses the SD model development for this case study. Borshchev & Filippov 
(2004) argue that very few ABS agents could represent a global view of the system. In 
addition, the TBL-based systems are usually too complex for an agent to make practical use 
of such knowledge for SDEV analysis. So, this research argues that, the development of SD 
model for TBL-based analysis will provide the knowledge about the global interdependencies 
in the system, which the ABS model is unable to provide. SD will be able to show that how 
TBL KPIs are effecting each other and what could be the long-term global sequence 
operations. Although some argue that ABS is capable of doing so, but the clear hindrance is 
complexity as SD can provide the simpler holistic model, which will be easily understandable 
for non-experts during its development. Figure 25 depicts the Casual Loop diagram (CLD) for 
this case study developed using Vensim software. The blue line (marked positive +) indicates 
that there is a positive relation and the red line (marked negative-) indicates that there is a 
negative relation between variables. 
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Figure 25:  Causal Loop Diagram for LAS case study 
 
As illustrated in the CLD diagram (Figure 25), Co2 Emission (CE) is the core endogenous 
variable affecting system sustainability. The feedback loops can be balancing or reinforcing. 
Reduction of “Fuel Consumption” (FC) decreases the CE. The rate of FC is affected by “Total 
Number of Green Fleets” (TNGF), “Total Number of Cycles” (TNC) and “Total Number of 
Old Fleets” (TNOF).  
 
The impact of implementing this SDEV strategy on LAS does not occur immediately, due to 
long-range planning in the SDEV process. The QSD model provides a holistic view of the 
system of interest for this research. The GHG emission reduction strategy in NHS, thereby 
influencing the total number of green fleets and cycles, leads to the effecting the CE rate. The 
higher the TNGF and TNC, the lower the level of CE generated by fleets. Therefore, the 
relationship between the TNGF and TNC and the level of CE is a negative relationship. 
However, as argued previously, the system constraints are “Average Response Time” (ART) 
and total costs for replacing old fleets to green fleets.  
 
The reinforcing loops may stabilise the system in the short-term but will destabilise the system 
in the long-term. The fuel consumption reduction will compensate the green fleet replacement 
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costs in long-term. Likewise, the CO2 emission reduction will have a positive impact on the 
rate of illness (i.e. Asthma, chronic obstructive pulmonary disease, etc.) caused by air pollution 
which subsequently reduces the NHS costs in the long-term. Dominance of these loops is 
sensitive to CE rate. The higher the TNGF and TNC, the lower is the FC rate; therefore, the 
lower the CE rate. Hence, the relationship between the ratio of TNGF and TNC and CE is 
negative.  
 
On the basis of the discussion in Chapter 4, the researcher uses the CLD diagram presented 
above in order to understand the interrelations between the TBL KPIs of the underlying LAS 
system. The holistic understanding about the system, achieved through the use of the 
qualitative form of SD, will be used for analysing the system at individual level and for TBL-
based analysis in phase III. The following sections explain how the productivity-based ABS 
model developed by Anagnostou (2014) are reused for TBL modelling.  
 
ii. Reusing ABS model for TBL modelling 
Anagnostou (2014) developed an ABS simulation (Figure 26) of the ambulance services, using 
the London EMS as the basis for the exemplar scenario. The data collection for the original 
ABS model was based on online data published by the UK’s Department of Health (DoH) on 
the London ambulance and accident and emergency departments (Anagnostou, 2014). The 
existing applied ABS technique to the ambulance service model due to the high interaction of 
the simulation entities with each other and the environment. Anagnostou (2014) has developed 
LAS model using the free and open-source REPAST ABS simulation system 
(www.repast.sourceforge.net). REPAST suite is an ABS toolkit that comes with a Java 
application programming interface. Its basic simulation engine is the ‘Schedule’ class, which 
is a discrete event engine. The researcher has re-used this model for TBL modelling and 
sustainability analysis using MHSF-TBL. 
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Figure 26: ABS model for LAS  
(Developed by: Anagnostou, 2014) 
 
EMS are complex systems that attempt to balance political, economic and medical objectives 
(Henderson and Mason 2004). However, this research argues that the sustainable success of 
any organisation relies heavily on creating balance between organisations’ social, 
environmental and economic responsibilities. These organisational responsibilities are deeply 
interconnected and ignoring either of them will impact negatively on the sustainable success 
of that organisation. Therefore, this research has incorporated the TBL pillars to the existing 
system developed by Anagnostou (2014). The researcher has consulted with original model 
developer in order to make the required changes to the LAS system developed by her. The 
modified model can analyse all the TBL KPIs identified in Phase I, step 3.  
 
The researcher has used DES for analysing the scenarios pertaining to TBL KPIs. This research 
has developed the DES model using the commercial package SIMUL8 (www.simul8.com). 
SIMUL8 provides a user-friendly, drag-and-drop environment for model development. It 
contains components as objects that have the default logic of the DES paradigm. Further logic 
can be added by the package-specific programming language; namely, Visual Logic. 
Moreover, the software provides sophisticated tools for analysing the results of a simulation, 
such as customisable tables and graphs that display the outputs dynamically as the simulation 
time progresses. In the current implementation, the DES model is recalled seamlessly from the 
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ABS model code on completion of a simulation run; it displays the outputs in customised 
tables and graphs. The scenarios are described in TBL-based analysis phase.  
 
5.3.3 Phase III: TBL Analysis Phase 
Experiments were conducted based on the NHS’s carbon reduction strategy and the LAS’s 
planned supporting activities. In order to uncover the impact of each of the two activities on 
the TBL KPIs, the researcher first simulated the scenario whereby all emergency incidents that 
do not require a hospital transfer are attended by the Cycle Response Unit (CRU) (Scenario 
1). The researcher then simulated the scenario that all ambulance vehicles are replaced by low 
emission vehicles (Scenario 2). Scenarios 1 and 2 are developed based on extreme 
assumptions. The researcher anticipates a negative impact on the response time from the first 
experiment, and a positive impact on CO2 emissions from the second. These two experiments 
(Scenarios 1 and 2, as shown in Table 17) represent the extreme impact of the two tested 
policies.  
 
Table 17: Experimental scenarios configuration. 
Scenario Configuration 
Scenario 1 100% of incidents that do not need transfer to hospital attended by CRU 
Scenario 2 100% fleet replacement by low emission (green) vehicles 
Scenario 3 7% CRU – 24% low emission (1% increase in response time constraint) 
Scenario 4 13% CRU – 19% low emission (2% increase in response time constraint) 
 
For a comprehensive SDEV analysis of LAS, all possible policy and parameter combinations 
should be tested. However, for purposes of illustration, this research presents two possible 
scenarios based on the results from Scenarios 1 and 2 and a simple formula which makes 
several assumptions – for example, the availability of CRU and ambulances, number of 
patients who need transfer to hospital (this is considered same for all the scenarios, in other 
words, the random number streams has the same random seed values for number of calls, the 
distances travelled by vehicles and the availability of fleets and CRU). To achieve this, the 
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researcher compares the first and second scenarios. Due to the nature of the ambulance 
services, response times cannot be reduced significantly. In addition, the researcher does not 
want to reduce the CO2 emission to the bare minimum, but rather reach an acceptable target. 
Therefore, for the third and fourth scenarios, in order to calculate the desired input parameters, 
the researcher set a minimum constraints for the response time and a maximum target for the 
CO2 emission reduction. In line with this, the input parameters use the following formula: 
 
If sc1_RespTimeOut >=constraints 
 param_CRU = (current_param_CRU * constraints) / sc1_RespTimeOut 
 sc1_CO2Out = (param_CRU * sc1_CO2Out) / current_param_CRU 
 param_LowEmission = [param_LowEmission * (CO2Target - sc1_CO2Out)] / 
sc2_CO2Out 
endif 
Figure 27: The pseudo code for the TBL-based analysis of LAS case study 
 
Using this formula the researcher calculated the input parameters when the response time 
reduced by 1% and 2%. The CO2 target is set to 10% reduction for both cases. For the third 
scenario, therefore, the constraints is set to 1% allowed increase of response time with a target 
of 10% reduction on CO2. (Scenario 3). The input parameters for achieving this target without 
violating this constraints are 7% of the incidents that do not need transfer to hospital attended 
by CRU and 24% fleet replacement with low emission vehicles. Finally, the fourth scenario is 
set to 2% allowed increase in response time and again a 10%  target of reduction on CO2, and 
uses 13% CRU responses and 19% low emission fleet replacement (Scenario 4), as highlighted 
in Table 18. The base case model involves none of the above; in other words, no incident is 
attended by CRU and there is no low-emission vehicle in the fleet. 
 
The tested scenarios’ input (each scenario is represented in a different colour code; see Table 
19) and the customised output graphs illustrate the data points pertaining to the aforementioned 
scenarios using the same colours.  
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The plotted graphs, which are shown using graphs generated by DES, for the representative 
TBL KPIs in the system under study are shown in Figure 28 and Table 19. The negative 
percentages for TBL KPIs for environmental and economic responsibilities in the table 19 are 
indicating the CO2 and cost reduction (positive impact) with regards to the base scenario, 
respectively. The researcher observed that the first scenario, indicated in blue, causes a 
considerable increase in the response time (negative impact on the social aspect of TBL), 
however, it decreases the CO2 emissions and the fuel consumption (positive impact on the 
environmental and economic aspect of TBL). The second scenario (green) performs rather 
well in all three aspects; however, it is noteworthy that the initial cost of replacing all 
emergency ambulance with low emissions vehicles was not taken into consideration. 
Therefore, a considerably negative impact on the actual economic bottom-line is anticipated. 
The inputs for the third and fourth scenarios were generated using the aforementioned 
algorithm and the output from the first two scenarios. The third scenario, indicated in red, 
shows that the constraints of less than 1% increase in the response time is satisfied. In the same 
time, the target of 10% decrease of CO2 emissions is almost reached. Finally, the results of 
the fourth scenario (yellow) show that the average response time agrees with the pre-set 
constraints of less than 2%, as well as, the target for CO2 emission is again almost reached. In 
this scenario, however, the researcher observed a further reduction in the fuel consumption in 
relation to scenario three.  
 
Table 18: Results Table 
Result Tables 
 Average Response Time 
(minutes; rounded to two 
decimal points) 
Total Co2 Emission (tonnes of 
Co2; rounded to two decimal 
points) 
Base Case 7.05 16622.18 
Scenario 1 8.34 12895.76 
Scenario 2 7.05 12463.24 
Scenario 3 7.13 15416.57 
Scenario 4 7.20 15436.17 
 
 
A Generic Hybrid Modelling & Simulation Framework for Sustainable Development Analysis in Healthcare 
Context 
 
150 
 
Table 19: TBL-based results analysis 
 Results Comparison 
% Ave Response Time Co2 Emission Fuel Consumption 
 SC1 15.41 -28.90 -28.90 
 SC2 0.02 -33.37 -0.03 
 SC3 1.15 -7.82 -1.5 
 SC4 2.12 -7.68 -2.71 
 
 
Figure 28: TBL-based analysis of the results 
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Table 20: TBL Summary of analysis of the results 
Impact (Long-term and Short-term) 
Short-term impacts Long-term impacts 
Economic Responsibility 
Negative short-term impacts: More 
expenses due to replacing old fleet to 
green fleets.  
Positive short-term impacts: Less 
expenses due to less fuel consumption 
by green fleets. 
Positive long-term Impact: Less expenses due 
to less fuel consumption; No fines or council 
taxes from NHS sustainable development unit, 
environmental agency and etc.; Clean 
environment means less patients and less 
healthcare costs on NHS; Less 
respiratory diseases caused by CO2 emission. 
Environmental Responsibility 
Positive short-term impacts: Less 
CO2 emission; Less energy 
consumption. 
Positive long-term Impact: support the 
reduction of the greenhouse effect and meeting 
the Climate Change Act (HMSO 2008) targets of 
reduction in GHG emissions. 
Social Responsibility 
Positive short-term impacts: No 
negative impact on response time; 
Cleaner environment; Less 
respiratory diseases caused by CO2 
emission. 
Positive long-term impacts: better healthcare; 
Promotion of Sustainable Development in 
society. 
 
5.4 Summary 
This evaluation investigated the application of MHSF-TBL for productivity-based ABS 
model. The research has developed a SD model in order to identify the interactions between 
TBL KPIs within the system and analyse the whole TBL-based system. The researcher reused 
the existing ABS model of a healthcare organisation; namely, the LAS for SDEV analysis by 
considering environmental and social factors alongside the financial benefits for the healthcare 
unit. The resulting data of the model illustrated using the tools for plotting time-stamped data 
in the DES model.  
 
Upon evaluating the MHSF-TBL in Chapters 4 and 5, the limitations of the framework have 
been identified. The description of this modification will be presented in Chapter 6. The 
evaluation and modification ensure the MHSF-TBL is less technical, fits with the TBL 
modelling development requirements and is easy to follow.  
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Chapter Six: Revising and Finalising the MHSF-TBL Framework 
 
6.1 Introduction 
MHSF-TBL has been evaluated using two exiting case studies to investigate its application to 
reusing of two types of productivity-based models for TBL modelling in healthcare context. 
This chapter reflects upon the knowledge gained from the framework evaluations presented in 
Chapters 4 and 5 in order to discuss the limitations of the MHSF-TBL identified during the 
evaluations for both application settings. The framework will be modified in accordance with 
these limitations and improvements. The aim of Chapter 6 is to establish a final MHSF-TBL 
on the basis of: a) Reflections from 1st evaluation: reusability of productivity-based DES 
models (Section 6.2); and b) Reflections from 2nd evaluation: reusability of productivity-based 
ABS models (Section 6.3). 
 
This chapter is structured as follows: sections 6.2 and 6.3 discuss the required modification of 
the framework phases in order to be suitable for reusability of DES and ABS models for TBL 
modelling within the healthcare context receptively. Subsequently, section 6.4 presents the 
final MHSF-TBL in light of the discussion provided in sections 6.2 and 6.3. Moreover, section 
6.4 outlines how the final MHSF-TBL could address the ideal TBL modelling requirements 
presented in Chapter 2. Finally, section 6.5 provides a summary of the chapter. 
 
6.2. Reflections from first Application Setting (Reusability of productivity-based DES 
models for TBL modelling) 
Referring to the research conducted by Mustafee et al. (2011), Chapter four evaluated the 
application of MHSF-TBL for the reusability of productivity-based DES models for TBL 
modelling. Chapter 4 discussed developing a TBL-based model for multiple clinics that have 
an overarching centralised structure; albeit to test strategies for service consolidation through 
the TBL framework disciplines. The following discusses the modification of the framework 
on the basis of the lessons learned from the framework evaluation presented in Chapter 4.  
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6.2.1 Modifications to Phase I: Conceptual model formulation 
This phase aims to provide the modeller with a simplified conceptual model for a complex 
system, such as one that is TBL-based, in order to minimise the likelihood of incomplete, 
unclear, inconsistent and incorrect requirements. From the first evaluation of MHSF-TBL, the 
research has identified some modifications required. These will ensure the proposed 
framework is easy to follow by modellers with different technical knowledge and experience, 
and to ensure all the confusing and redundant steps are removed from the original framework. 
The lessons learned from the first evaluations of the MHSF-TBL resulted in the following 
modifications to the steps of phase I. 
 
After implementing steps 1 to 3 (see Figure 11), the researcher realised that a specific problem-
structuring approach and simulation objective identification method are required to facilitate 
identification of the TBL KPI relationships and TBL bottleneck before translating the 
conceptual model into the computer simulation software.  
 
According to John Dewey maxim’s (quoted in Lubart, 1994), "A problem well put is half 
solved”. Structuring and understanding the problem will help the modeller formulate the 
objective of the simulation practice. As stated previously, in TBL modelling, what we want to 
answer is more important than what needs to be measured.  
 
According to the literature, the problem-structuring methods have emerged in the UK’s OR 
community in 1970 and have gained popularity ever since (Pidd, 2007). The most popular-
problem structuring methods are: Strategic Options Development and Analysis (SODA) - 
cognitive mapping (Ackermann and Eden, 1989); Soft Systems Methodology (SSM) 
(Checkland, 1999); the strategic choice approach (Friend and Hickling, 1997); Robustness 
Analysis (RA) (Doyle et al., 1982); Drama Theory and Confrontation Analysis (Howard, 
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1999). Of these, SSM and RA have been argued as useful for the evaluation of SDEV in an 
organisational context. 
 
SSM is a systemic approach to tackling real-world problematic situations (Checkland et al., 
2006). Vat (2004) argues that this model is suitable for analysing SDEV in the context of 
organisational learning. RA emerged as an appropriate methodology due to the strength of 
uncertainty that would otherwise obscure making clear commitments to action (Rosenhead, 
2001). Moreover, Ackoff (1988) and Namen et al. (2008) argue that this method could be 
advanced in the language of SDEV. Findings reveal that the application of SSM in M&S 
literature is more popular than RA (i.e. Pidd, 2007; Lehaney and Paul, 1994 and 1996 and 
1999; Lehaney and Hlupic, 1995; Lehaney et al, 1999; Kotiadis, 2006 and 2007). ). The 
findings of this research also indicate that SSM has been used largely in M&S studies that 
include complex and large systems, or a problem context dealing with many stakeholders 
particular for healthcare modelling. On the basis of the knowledge learned from the literature 
(i.e. Shannon, 1998; Kotiadis, 2007; ; Chahal, 2009; Robinson, 2011), this research proposes 
using SSM (Checkland’s, 1999) in MHSF-TBL for problem structuring and for understanding 
TBL-based simulation objectives as a prelude to detailed TBL modelling process in the 
healthcare context. 
 
Although Burrell and Morgan (1979) argued initially that SSM and hard OR paradigms are 
essentially incompatible, Pereira et al. (2014) claim there is no philosophical barrier to the 
integration of SSM and hard OR methods. Furthermore, Kotiadis (2007) debates that SSM can 
help modellers in problem structuring and objective identification; specifically, structuring 
problems that cannot be attained efficiently using linear cause–and-effect diagrams. The 
literature review reveals that SSM can be used in M&S for various reasons, such as: to 
understand which dimension of the problem and system to model in a complex system 
(Lehaney and Paul, 1996); to determine the conceptual model (Pereira et al., 2014; Kotiadis 
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and Robinson, 2008); and to determine the objective simulation study (Montevechi and Friend, 
2012).  
 
CATWOE is one of Checkland’s best-known SSM tools used to define the system to facilitate 
a discussion between stakeholders of their requirements. CATWOE is the acronym for Clients, 
Actors, Worldview, Owners, and Environment.  This research proposes using CATWOE to 
define the system under study. This idea is referred as a “Root definition” in SSM approach. 
CATWOE analysis will provide the modeller with insight into the underlying problem in order 
to identify the TBL-based simulation objectives. Pidd (2007) argues that the Root definition 
analysis will be beneficiary to support conceptual modelling. Below is the CATWOE checklist 
for TBL modelling: 
- Customers - who will be affected by this sustainable plan/transformation process? (Who are 
the immediate beneficiaries or victims of what the system does after transformation?) 
- Actors - who is involved in implementing the sustainable planning and transformation 
process? 
- Transformation Process - what is the process of transforming input into output? 
- Worldview - what is the wider picture into which the transformation process fits? What is 
the wider impact of the real problem? 
- Ownership - those who could help or stop the transformation process. 
- Environmental Constraints - what are the constraints outside of the system that will affect 
the transformation process and are taken as given? 
 
According to the findings of this research, the overall objective of TBL modelling should be 
carried out in light of three main pillars: problem, system context and TBL framework. 
Analysis deriving from CATWOE analysis aids MHSF-TBL users in acquiring in-depth 
understanding of the modelling objectives in relation to both problem and system perspectives. 
Moreover, it will increase awareness of the wider implications among potential users, and 
assist the modeller to identify sustainable objectives. This modification in step 1 is expected 
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to help the modellers for better identification of the model’s boundaries. Subsequent to these 
modifications, the researcher is re-naming step 1; “Problem Structuring and Objective 
Identification”. 
 
Additionally, as discussed in Chapter 4 section 4.2.2, sometimes a soft hybrid format or hybrid 
M&S study is sufficient for TBL modelling. On the basis of this argument, the researcher has 
proposed the application of Qualitative System Dynamics (QSD), instead of SD, in phase II. 
Therefore, this research proposes applying QSD to the conceptual representation of the system. 
The QSD is a simplification of the system description and has the potential to be used instead 
of the communicative conceptual model (e.g. an Activity Cycle Diagram). Application of QSD 
to conceptual modelling could also make the ideal TBL system more visible and 
understandable for stakeholders and system owners. According to Powel and Mustafee (2014), 
using CLD for conceptual modelling at the problem-structuring stage (phase I) would increase 
stakeholder engagement and simplify the model validation during the final stage.  
 
Furthermore, as argued in section 4.2.2, in some cases a hard hybrid format is required between 
discrete and continuous models. Applying QSD during the early stages of modelling practice 
would facilitate developing a numeric-based SD model and establishing hard hybrid 
simulation between SD and discrete models (i.e. DES or ABS) for TBL modelling.  
 
In accordance with the above argument, the wording in step 2 (Determining Conceptual Model 
and General objective decomposition) does not show clearly what needs to be done in this 
step. Therefore, the researcher changed the step title to “Developing TBL-based QSD and 
general objective decomposition” (Table 21). 
 
There are no other major modifications identified in this phase. There are three steps in this 
phase; each of which contains its own objectives. Figure 29 depicts the steps involved in phase 
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I of the framework, whilst Table 21 summarises the steps, objectives and method. For 
comparison with the original framework, refer to Table 9 in section 3.5. 
 
Structuring the problem using SSM
Identify the main objective using CATWOE
Developing the QSD for conceptual modelling
Main objective decomposition
Identifying the TBL KPIs and TBL bottle-neck
Phase II: Design and Combination 
Start
 
Figure 29: The Modified phase I flowchart 
 
Table 21: Overview of the modified conceptual formulation phase 
(Adopted from Zulkepli, 2012) 
 
Phase I: Conceptual Formulation Phase 
Steps How? Why? 
STEP 1) Problem 
structuring and main 
objective 
identification 
- SSM; 
- CATOWE Analysis; 
 
To set the boundaries of model 
building based on: 
- TBL framework; 
- Identified TBL problem; 
- Objective of the model; 
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STEP 2) Determining 
QSD and general 
objective 
decomposition 
- QSD – from system 
description to conceptual 
model using SD software 
packages (i.e. Vensim); 
- Objective decomposition – 
decompose the main 
objective to several sub-
objectives;  
- To facilitate the model 
development process; 
- To make the ideal TBL system 
more visible and understandable; 
- To facilitate the identification of 
a suitable modelling method for 
modelling each objective in 
phase II; 
STEP 3) Identification 
of the Key Process 
Indicators (KPIs) and 
TBL bottleneck 
- By using the SSM and 
CATOWE analysis results  
- By identifying the TBL 
KPIs that have substantial 
impact on the defined sub-
objectives;  
- To reduce time and complexity 
of model development process 
and to remain in the scope of the 
model;  
 
6.2.2 Modifications to Phase II: Design and Combination  
This second phase of the framework focuses on addressing the following three questions: a) 
how will the discrete and continuous models be designed? b) what will be the hybrid format 
and interaction points between techniques? c) What will be the mode of interaction between 
techniques? As discussed in chapter three, the primary concern for any framework is 
simplicity; however, subsequent to the evaluating the framework for both applications settings, 
the researcher has realised that this phase requires major modifications in order to avoid the 
redundant steps and create a much simpler and more efficient model combinations processes. 
These modifications are discussed below. 
 
Subsequent to the framework evaluation outlined in Chapter 4, this research has discovered 
that another feature of SD and CLD can be used in TBL modelling. Therefore, this research 
proposes applying QSD in hybrid form to TBL modelling for holistic analysis of the system 
and to facilitate the translating the conceptual representation of the system to the quantitative 
model.  
 
As discussed in Chapter 4, Mustafee et al. (2015) has identified two types of hybrid modelling 
formats in OR/M&S field; namely, soft and hard hybrid (Mustafee et al., 2015). As 
demonstrated in previous chapters, hard hybrid simulation is not always necessary between 
discrete and continuous models. Therefore, in order to reduce the unnecessary complexities 
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and enhance the application of this framework, the revised framework includes both hard and 
soft hybrid formats in the MHSF-TBL.  
 
As discussed in Chapter 4, unlike hard hybrid simulation, combining models in soft hybrid 
approach is not limited to the implementation stage and may occur during various stages of 
the modelling process; for example, problem formulation or the conceptual modelling stage. 
This will enhance the stakeholders’ engagement from the early stages of model development; 
thereby facilitating the model’s validation. Additionally, the outcome of applying soft hybrid 
format in Chapters 4 and 5 demonstrates that combining soft OR methods with M&S 
techniques in earlier stages of modelling practices could not only provide insight into the 
complex TBL-based systems, but also support the development of the quantitative models (i.e. 
DES, ABS, etc.) and other soft OR/M&S techniques (i.e. Soft System Methodology). 
Therefore, this research proposes an evaluation of the application of QSD in soft hybrid form 
for TBL modelling and holistic analysis of the system, and to ease the translation of the 
conceptual representation of the system in the quantitative model. Nevertheless, in some cases, 
soft hybrid simulation approach could not help the modellers to address the TBL modelling 
criteria (refer to Section 2.6.2), the hard hybrid approach should be applied. Therefore, this 
research argues that the hard hybrid simulation is required when: a) the QSD is not sufficient 
for higher level and long term analysis of the TBL-based system; b) the appropriate data being 
exchanged between TBL KPIs between two models is available. Therefore, if a soft hybrid 
form (hybrid M&S study) is selected for TBL modelling, steps 2 to 4 of phase II in MHSF-
TBL should be skipped.  
 
Subsequent to the above modifications, the revised Phase II comprises four steps.  Figure 30 
depicts the process of implementing this phase, while Table 22 provides a summary of the 
modified design and combination phase. For a comparison with the original framework, refer 
to Table 9 in Chapter 3. 
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Identifying the TBL-KPIs 
that are to be captured by 
DES model
Identifying the TBL-KPIs 
that are to be captured by 
SD model
Run the Re-developed DES 
model for all identified sub-
objective
Transfer the data to the 
related TBL KPIs in SD 
model
Run SD model for whole 
TBL-based system
Transfer the data to the related 
TBL KPIs in DES model
Are model outputs stable?
Yes
No
Stop running simulation
Identifying appropriate methods
 for each sub-objectives 
(Phase I)
Is hybrid M&S study sufficient for TBL modelling?
Develop all DES models of identified sub-
objectives
Develop a SD model for whole system based 
on QSD model developed at phase I
No
Yes
Continued from revised phase I (See figure 24)
 
Figure 30: The Modified Phase II flowchart 
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Table 22: Overview of modified combination and transaction phase 
(Adopted from Zulkepli, 2012) 
 
Phase II: Design and Transaction Phase 
Steps How Objective 
STEP 1) Model 
Translation 
- Method Selection - By mapping 
system’s characteristics with M&S 
techniques capabilities (Table 5); 
- Decide what type of hybrid 
format is required; 
- Develop (Re-use) discrete and 
continuous models for SDEV 
analysis; 
 
- To select the most appropriate 
M&S method to address the 
TBL modelling criteria; 
- Transferring TBL-based 
conceptual model into 
simulation software packages 
(designing models) using a 
TBL-based discrete-continuous 
hybrid model; 
STEP 2) 
Identifying TBL 
indicators that are 
influenced or 
influencing by 
other models 
- By using SSM and CATOWE 
analysis in phase I; 
- By seeking opinions from 
healthcare and SDEV 
professionals and problem owners; 
 
- To guide the modellers on 
how different models holding 
several TBL KPIs should be 
linked internally (within their 
common model) and externally 
(with associated indicator in 
another model) 
STEP 3) 
Identifying internal 
and external 
interactions formats  
- By mapping the TBL modelling 
objective to the different hybrid 
interactions formats; 
 
- To identify the external 
interaction formats (the 
interaction between TBL KPIs 
in SD-DES methods; 
- To identify the internal 
interactions formats (the 
interactions between KPIs 
within the common simulation 
method.); 
STEP 4) 
Formulating and 
tracing the 
interaction points 
- By identifying What is 
exchanged between models; 
- To ensure the knowledge 
exchange between models 
happens accurately; 
- To identify the mode of 
interaction between models. 
 
6.2.3 Modifications to Phase III: TBL Analysis 
The final phase of MHSF-TBL involves analysing the results using TBL assessment 
framework principles. Phase III provides concise and comprehensive guidance for TBL-based 
analysis. The literature review provided in Chapter 2 could also be a good reference for the 
modellers in terms of learning about the characteristics of TBL-based models and analysis. 
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6.3. Reflections from evaluation of application of the MHSF-TBL for productivity-based 
ABS models in healthcare (Second Application Setting) 
This section reflects on the evaluation of the application of the MHSF-TBL to the ABS 
productivity-based model within the healthcare context. The focus of MHSF-TBL is based 
largely on the SD-DES hybrid modelling approach to developing TBL-based models. 
However, the original argument for TBL modelling is grounded in including both “Discrete” 
and “Continuous” modelling capabilities in a simulation approach chosen for TBL modelling 
in order to address both the strategic and operational aspects of the problem. Therefore, in 
order to extend the contribution of this framework in the field, subsequent to the evaluation of 
the framework for its first application setting, the researcher has found that, with some 
modification, the framework can also be used for reusing existing productivity-based ABS 
models for SDEV analysis. Refer to section 5.1 for further information. 
The aim of Chapter 5 was to evaluate the MHSF-TBL in order to identify the limitations of 
the framework, for upgrading the productivity-based to TBL-based models. The objective of 
this section is to explain the lessons learned from this evaluation and to discuss the required 
modifications to the original MHSF-TBL. As discussed in section 5.2, only Phases I and III 
from the original framework will be used for this purpose. For this application setting, Phase 
II of MHSF-TBL has been renamed the “Revised Design and Combination phase for ABS 
model reusability”.  The hybrid M&S study (soft hybrid format) has been applied to this case 
study as well. Modifications already made to the framework on the basis of first evaluation 
(Section 6.2) will flow through to this section. The following adjustments will be made to the 
MHSF-TBL in order to reuse the ABS productivity-based model for TBL modelling.  
 
6.3.1 Modifications to Phase I: Conceptual model formulation  
This section focuses on the modifications on phase I on the basis of second evaluation. The 
learning derived from the previous section is not repeated. All the changes discussed in section 
6.2 for phase I also apply to this application setting. Moreover, the researcher proposes 
applying SSM and CATOWE to problem structuring and objective identification for the 
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second application setting. Moreover, QSD is proposed for conceptual modelling. An example 
is worked out for the case study on the LAS Study (Table 23). 
 
Table 23: CATWOE Analysis for LAS case study presented in Chapter 5 (example) 
CATWOE Responses 
Customers Who will be affected by this sustainable plan/transformation process? – 
it is the London Ambulance Service who wants to provide patients with 
the highest quality of care while having respect to environmental 
responsibility. 
Actors Who is involved in implementing the sustainable planning and 
transformation process? - over 4500 staff who work across a wide range 
of roles based in 70 ambulance stations. 
Transformation 
Process 
What is the process of transforming input into output? – the need to 
reduce carbon footprint and GHG by designing and operating a system 
of strategic and operational level activities. 
Worldview What is the wider picture into which the transformation process fits? And 
what is the wider impact of the real problem? - a belief that these strategic 
and operational level activities are important to meet the climate change 
Act (HMSO, 2008). 
Ownership Those who could help or stop the transformation process - LAS, local 
health and social care authorities. 
Environmental 
Constraints 
What are the constraints outside of the system that will affect the 
transformation process and are taken as given? –  LAS funding, NHS 
Sustainable Development Unit regulations, etc. 
 
There are no major modifications identified in this phase. Three steps are contained in this 
phase; each of which has its own objectives.  
 
6.3.2 Modifications to Phase II: Revised Design and Combination Phase for ABS Model 
Reusability 
The learning derived from the previous section is not repeated. All the changes discussed in 
section 6.2 for Phase II also applies to this application setting. Moreover, this research applies 
hybrid M&S study (soft hybrid format) to the case study outlined in Section 6.2.2. 
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6.3.3 Reflections and Modifications on Phase IV: TBL-based Analysis 
There are no major modifications identified in this phase. 
 
Subsequent to the modifications conducted on the original framework (Table 24), the final 
MHSF-TBL will be presented in section 6.4.  
 
Table 24: Modifications to the MHSF-TBL 
Original Framework Application setting 1 Application setting 2 
Phase - I Change (section 6.2.1) Change (section 6.3.1) 
Phase - II Change (section 6.2.2) Change (section 6.3.2) 
Phase - III No change (section 6.2.3) No change (section 6.3.3) 
 
 
6.4 Final Framework 
This section aims to provide the final MHSF-TBL and discuss how the established framework 
could assist the modellers to develop a TBL-based model that is capable of meeting the criteria 
identified in Chapter 2 (section 2.6.3). Section 6.4.1 presents the final framework, while 
section 6.4.2 discusses the evaluation of MHSF-TBL against TBL modelling criteria.  
 
6.4.1 Final MHSF-TBL 
MHSF-TBL has been evaluated for two types of applications, using two healthcare case 
studies to highlight the limitations of the framework. Upon reflection on these evaluations, the 
modified MHSF-TBL for each application setting are discussed and presented in sections 2.6.2 
and 2.6.3. In the light of discussion provided in this chapter, this section presents the final 
MHSF-TBL as one of the outcomes of this thesis. Figure 31 also depicts the TBL modelling 
process using MHSF-TBL. 
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Identifying the TBL-KPIs that are 
to be captured by discrete model/s
Identifying the TBL-KPIs that are 
to be captured by SD model
Is hybrid M&S study 
sufficient for TBL modelling?
Run the discrete model/s for all identified 
sub-objective
Transfer the data to the related TBL KPIs 
in SD model
Run SD model for whole TBL-based 
systemTransfer the data to the related 
TBL KPIs in discrete model
Are model outputs stable?
Yes
Stop running simulation
TBL-based Analysis
Structuring the problem using SSM
Identify the main objective using CATOWE
Developing the conceptual model using QSD
Main objective decomposition
Identifying the TBL KPIs and TBL bottle-neck
M&S method selection to capture the discrete and 
continuous paradigms in the system
Yes
Developing SD model based on QSD model 
developed in phase I
No
Developing/Reusing discrete model/s (DES or ABS) to 
analyse the system at individual level
 
Figure 31: TBL modelling process using MHSF-TBL 
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6.4.2. Evaluation of the Final MHSF-TBL ideal TBL-based Model Characteristics 
This research has identified nine criteria for ideal TBL modelling based on: (a) characteristics 
of TBL-based systems (Section 2.6.2); (b) domain knowledge in M&S (section 2.4); and (c) 
the limitations associated frequently with models found in the literature (Tables 5 and 6). 
Therefore, as the original plan was to establish MHSF-TBL in accordance with these criteria, 
on the basis of knowledge gained from evaluating the framework in Chapters 4 and 5 and the 
framework modifications discussed in this chapter, the researcher evaluates the MHSF-TBL 
against these nine TBL modelling criteria. Table 25 maps the MHSF-TBL framework with the 
TBL modelling criteria. 
 
Table 25: Mapping the MHSF-TBL framework against TBL modelling criteria  
(Adapted from Table 5) 
Criteria of a TBL 
model 
 
Simple to model According to this criterion, the M&S approach used to develop the 
model should be easy to learn, simple to develop and intuitive (this 
would encourage wider adoption among stakeholders); Both DES and 
SD are the most commonly used simulation techniques particularly in 
the healthcare context (Mustafee and Katsaliaki, 2011). In addition, 
depending on the underlying system, Simul8 and Vensim are generally 
easy to use and understand. Particularly there has been a trend towards 
SD software packages that they are easy to learn and use as they do not 
need any advanced knowledge of computer programming (Brailsford 
and Hilton, 2001). Moreover, as argued in Chapter 2, SD and DES are 
the most applied simulation technique in healthcare context so using 
MHSF-TBL for TBL-based SD-DES hybrid model increases the 
chance of using this framework for DES or SD model reusability, 
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which will make the TBL modelling process less complicated and time 
consuming. Last but not least, the research findings reveal that using 
soft hybrid format for TBL-modelling will reduce significantly the 
complexity associated with TBL modelling. This research argues in 
Chapters 4 and 5 that using QSD in TBL modelling is a simplification 
of the TBL-system description, but also with further abstraction 
provides the model description. 
Assists TBL-
based decisions  
Assisting TBL-based decisions means that the TBL model should 
incorporate characteristics that assist in making TBL-based decisions 
(the M&S approach usually dictates the characteristics that are present 
in the model); On the basis of MHSF-TBL evaluation in Chapters 4 
and 5, the MHSF-TBL can help the modellers to explore the possible 
SDEV strategies that need to be implemented for a longer period. 
Nevertheless, as discussed in this research, the accuracy of the results 
relies heavily on the availability of the data and correct identifications 
of the TBL-KPIs and TBL Bottlenecks. 
Visualisation According to this criterion, the M&S approach should support visual 
depiction of the TBL model. Accuracy in visualisation is increasing 
the stakeholder engagements in M&S studies. The visualisation would 
aid their conceptual understanding of the system; To support this 
important factor in TBL modelling, this research proposes applying 
QSD to conceptual modelling. In order to enhance the conceptual 
representation, QSD could ensure the non-experts understand how the 
model runs and TBL-based system operates. Moreover, on the basis of 
the framework evaluation in Chapters 4 and 5, applying one method to 
representing discrete paradigms and one to aggregate paradigms of the 
system has improved the graphical visualisation of the TBL-based 
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system. Using Simul8 for DES modelling has provided a detailed, 
higher resolution view from the system, which captures the TBL 
bottleneck. It identifies the cause of the problem and analyses wisely 
the impact interventions on the system. Conversely, using Vensim for 
SD modelling has assisted the modellers to grasp the holistic helicopter 
view from the system in order understand the overall picture of the 
system to analyse the long-term impact of interventions on the system.  
Dynamic Model As discussed in Chapters 4 and 5, using SD-DES and SD-ABS hybrid 
approach could mimic the dynamic that exists in the real TBL-based 
healthcare systems of both case studies. The TBL-based models 
developed using MHSF-TBL have responded to the interventions 
embedded in the TBL-based system.  
Deals with data 
complexity 
As discussed in Chapter 2, any TBL-based system involves a complex 
web of decision-making indicators and parameters; therefore an ideal 
set of data for such big and uncertain systems are not easily collectable. 
The first phase of MHSF-TBL will guide the modellers to deal with 
the data complexity by introducing TPL KPI and TPL bottleneck 
concepts. This research finds that developing QSD also could reduce 
such complexities in the TBL-based system which inadvertently will 
be also reflected in data. Finally, the researcher argues that application 
of SD will help capture some qualitative data that cannot be captured 
in discrete models.  
Deals with 
different levels of 
abstraction 
As discussed in this thesis, any TBL model should be able to represent 
different levels of abstractions. To address this complexity, MHSF-
TBL proposes that a simulation approach chosen for TBL modeling 
should include both “Discrete” and “Continuous” modeling 
capabilities in order to address both the strategic and operational 
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aspects of the problem. The discrete-continuous hybrid models used 
for MHSF-TBL in Chapters 4 and 5 demonstrate that how such 
approach could assist the modeller to zoom-in to the specific 
component of the system (i.e. TBL bottleneck) using DES or ABS, and 
how to zoom-out to analyse the overall picture of the system using SD. 
Represents 
system at 
appropriate level 
of detail 
The TBL model should represent the appropriate level of detail. Due 
to the complexity associated with SDEV, developing an ideal TBL-
based model that represents the whole systems components and 
elements in detail is an impossible task. The researcher argues in the 
description of MHSF-TBL that “the question to be answered is not 
what do we want to measure, as many is often tempted to do, but rather, 
what question do we want to answer?” As discussed in this research, 
using only discrete models for TBL modelling will not be feasible as a 
DES model; showing the whole system’s details in high level 
resolutions will be complicated and requires very detailed data set. 
Given the complexity and uncertainty associated with TBL-based 
systems, availability of such data will be hardly accessible. 
Conversely, SD might be able to show the whole picture of the system, 
but it still requires an extensive historical data set and, of course, the 
model will be extremely big. Therefore, in MHSF-TBL, the researcher 
proposes a discrete-continuous hybrid (soft or hard) approach in order 
to help the modellers represent the TBL-based system at an appropriate 
level of detail. 
Simplifies the 
complexity/uncer
tainty/vagueness 
As argued in this research, an ideal TBL-based model should 
endeavour to simplify complexity, uncertainty and vagueness that 
exists in a TBL-based system. Thus, the qualitative representation of 
the system that incorporated the views of multiple stakeholders will be 
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necessarily ambiguous; however, a TBL model will need to represent 
this using quantitative representation thus reducing the vagueness hat 
is inherent in qualitative models. On the basis of the lessons learned 
from framework evaluations, this research argues that the objective 
decomposition has also contributed to the reduction of complexity in 
understanding the TBL-based system, as well as developing and 
running the TBL-based model.  
Provides both 
Short- and Long-
term decision 
making 
simultaneously 
According to this criteria, the TBL-based model should ideally assist 
stakeholders to take both short-term and long-term decisions. This is 
in line with the characteristics of TBL-based systems since financial 
aspect is usually important for both the short and long-term; however, 
environmental and society implications are arguably medium and 
long-term KPIs; To address this criterion, the MHSF-TBL proposed 
applying discrete methods to short-term analysis and continuous 
methods to analysing the long-term impact of system interventions and 
policies. Some might argue that discrete is sufficient for capturing both 
long and short-term impact of system interventions. However, as 
discussed in Chapter 2, developing a model for whole TBL-based 
system using a discrete method like DES would be very complicated 
and may take a longer time to run. Conversely, using only SD is not 
sufficient for reducing such complexity. SD may be able to provide the 
holistic view from the system but is not capable analysing of the TBL-
based system with higher resolution at individual level. Therefore, this 
research argues that applying discrete-continuous hybrid approach 
would help the modellers to capture simultaneously both the long and 
short-term impact of any system interventions. Some might argue that 
ABS can be used to capture both the long and short-term impact of 
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interventions and policies on TBL-based systems. In fact, according to 
the literature, ABS can model most SD models (Macal, 2010), and 
states that every well-formulated SD model has an equivalent 
formulation as an ABS model. However, this research argues that 
using only ABS for TBL modelling may require complex 
programming skills, and the final model could be very complicated and 
difficult to understand. The researcher has investigated this in Fakhimi 
et al. (2014).The findings from this study reveal that the application of 
ABS individually for complex TBL-based system could be tedious and 
prone to inconsistencies at some level. 
 
 
6.5. Summary 
Chapter 6 presented the final MHSF-TBL on the basis of the lessons learned from framework 
evaluation studies in Chapters 4 and 5. These refinements and modifications have been made 
with the purpose of addressing the limitations faced during the evaluation of the framework. 
MHSF-TBL has been revised to exclude the inadequacies of the original framework. Below is 
a summary of the chapter’s structure. 
 
Section 6.1 provided an introduction to the chapter and outlined its objectives. Sections 6.2 
and 6.3 provided detailed discussion on reflections from the framework evaluation in Chapters 
4 and 5. These sections discussed the modifications made to the original MHSF-TBL in order 
to use DES and ABS productivity-based models for SDEV analysis within the healthcare 
context respectively. Subsequently, section 6.4 presented the final MHSF-TBL in the light of 
the discussion provided in sections 6.2 and 6.3. A comprehensive MHSF-TBL provided at the 
end of this chapter is capable of addressing all of the ideal TBL modelling requirements 
presented in Chapter two (Table 5). Thus, this chapter concludes by discussing how the 
proposed framework is capable of addressing those requirements.  
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Chapter 7 summarises the research presented in this thesis. It revisits the aim and the objectives 
outlined in chapter 1, discusses the contribution of this research and makes suggestions for 
future studies on the basis of this work. Moreover, the researcher discusses his overall 
perspective regarding the TBL modelling challenges on the basis of the literature and lessons 
learned from MHSF-TBL evaluation studies. 
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Chapter Seven: Summary and Conclusion 
7.1 Introduction 
This research proposed a theoretical M&S framework for SDEV analysis. The framework has 
been evaluated for its two application settings using two existing healthcare case studies. 
Chapter 6 presented the final MHSF-TBL subsequent to further amendments. Modifications 
have been made based on the knowledge gained from framework evaluation studies. These 
refinements and modifications have been performed with the purpose of addressing the 
limitations faced during the evaluation of the framework. MHSF-TBL has been revised to 
exclude the inadequacies of the original framework.  
 
This chapter presents the summary and overall conclusion for this research, and it is structured 
as follows. Section 7.2 revisits the aim and objectives outlined in Chapter 1. This section will 
highlight how the different objectives were met in the various chapters. The contribution of 
this research is discussed next in section 7.3. Section 7.4 explains the research limitations. 
Section 7.5 discusses suggestions for future research directions in the area of application of 
M&S techniques for SDEV analysis. Finally, section 7.6 presents the researcher’s perspectives 
of the challenges associated with TBL modelling challenges and SDEV analysis, and draws 
the thesis to its conclusion. 
 
7.2 Aims and Objectives Revisited 
 As outlined in Chapter 1, the aims of this research are: 1) To develop a comprehensive 
understanding of literature in SOM and TBL-based systems with the objective of enabling 
SDEV analysis through M&S; and 2) To develop a framework which guides the modeller in 
building simulation models including TBL features in the healthcare context. Towards the 
realisation of these aims, five objectives were identified. Figure 32 illustrates the structure of 
thesis chapters and how those reflect the research objectives.  
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Chapter 1: Introduction 
Chapter 2: Literature Review
 
Objective 1: Investigated the existing knowledge of the sustainable development, TBL-based 
systems and challenges of TBL characteristics in systems modelling (this is in relation to aim 1). 
Objective 2: Investigated the methodological aspects in specific M&S techniques that lend 
themselves to modelling particular aspects of the TBL system.
Chapter 3: TBL-based Hybrid Simulation Framework 
Objective 3: Proposed the TBL-based hybrid modelling framework for sustainable development 
analysis in order to further the field of M&S in healthcare (this is in relation to aim 2).
Chapter 4: Evaluation of the MHSF-TBL for Reusability of DES productivity based models for 
TBL modelling
Objective 4: Evaluated the proposed framework for TBL modelling (this is in relation to aim 2).
Chapter 5: Evaluation of the MHSF-TBL for Reusability of ABS productivity based models for 
TBL modelling
Objective 4: Evaluated the proposed framework for TBL modelling (this is in relation to aim 2).
Chapter 6: Revising and Finalising the MHSF-TBL
Objective 5: Revised the framework and proposed the final MHSF-TBL (domain: healthcare)
Chapter 7: Summary and Conclusion 
 
Figure 32: Chapters that meet the different objectives outlined in this thesis 
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Objective 1: Investigate the existing knowledge of the sustainable development, TBL-
based systems and challenges of TBL characteristics in systems modelling (in relation to 
aim 1) 
Objective 2: Investigate the methodological aspects in specific M&S techniques that lend 
themselves to modelling particular aspects of the TBL system (in relation to aim 1) 
 
Chapter 2 presented a critical review of the subject; including a discussion of SDEV and TBL-
based systems characteristics within healthcare and other industries, in addition to the 
application of M&S techniques to SOM. This literature review helped gain in-depth 
understanding of existing knowledge generated in terms of SDEV and TBL. The discussions 
were enriched by knowledge of applying M&S techniques to the healthcare context, 
particularly in the UK. The researcher explored the existing studies to gain a comprehensive 
and synthesised view of M&S techniques that have been used previously for: a) healthcare 
modelling; and b) SDEV analysis. These reviews were conducted to understand the 
definitions, assumptions, conceptualisations and implementation constraints of this emerging 
field. This chapter also provided a methodological review of comparisons between the most 
applied M&S techniques to model SDEV.  
 
This chapter took a three-legged integrated approach to analyse TBL modelling: a) problems, 
b) systems and c) methodology. An informed discussion was conducted on the suitability of 
specific simulation techniques in meeting the competing metrics and characteristics of TBL-
based systems. The criteria for an ideal TBL-based model were mapped to the capabilities of 
the M&S approaches. The best M&S approach that covers the most of the criteria were 
selected; thereby, suggesting a unique modelling approach for SDEV analysis. 
 
Furthermore, the chapter explored the challenges faced by the researchers, modellers and 
decision makers in terms of existing techniques and traditional modelling approaches used to 
address SDEV issues. Moreover, it defined the criteria for TBL modelling; these were used to 
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identify the challenges of using systematic approach for SDEV analysis. The knowledge 
gained from this study led the researcher to understand why application of M&S techniques 
for TBL modelling has become a holy grail for the modellers.  
 
It has been discussed and argued in this chapter that while developing model for SDEV 
analysis using a single method is not feasible, and a combination of discrete-continuous 
modelling technique is required to cap all the requirements of TBL modelling in order to 
analyse such problems with fewer assumptions. Conversely, it also discussed the increasing 
interest among modellers for combining M&S techniques within the healthcare context. 
Therefore, on the basis of the knowledge gained from the literature, this research argues for 
the application of a hybrid modelling approach, which combines discrete-continuous 
modelling paradigms. Finally, this chapter established the main research gaps: no reported 
literature on the M&S framework for SDEV analysis and the absence of use of hybrid M&S 
for TBL modelling in healthcare context.  
 
The knowledge gained from addressing this objective led the researcher to argue the necessity 
of a framework that could assist modellers to develop a reliable model that: a) appreciates the 
problem in both discrete and continuous levels; b) covers all the TBL-based system criteria 
and; c) neither ignores TBL dimensions nor misleads decision-makers into making 
unsuccessful decisions.  
 
Objective 3: Propose the TBL-based hybrid modelling framework for sustainable 
development analysis in order to further the field of M&S in healthcare (in relation to aim 
2). 
On the basis of the learning derived from literature review, Chapter 3 proposed an inclusive 
framework as a guidance for TBL modelling. The proposed framework comprises three main 
phases: conceptual model formulation phase; design and combination phase; and TBL analysis 
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phase. This chapter also argued for the application of MHSF-TBL for reusability of 
productivity-based models in TBL modelling.  
 
Objective 4: Utilise and evaluate the proposed framework for TBL modelling (in relation 
to aim 2). 
In order to realise this objective, Chapters 4 and 5 evaluated the effectiveness of MHSF-TBL 
for TBL analysis within the healthcare context. The outcome of this objective was to identify 
the limitation of MHSF-TBL for TBL modelling. The application of MHSF-TBL for two 
existing healthcare case studies was discussed in Chapters 4 and 5. To achieve this, the MHSF-
TBL was used to generate a discussion on the reusability of existing productivity-based 
discrete models for SDEV analysis. Effort has been made to evaluate the framework for the 
most applied simulation technique used in healthcare context; namely, DES and ABS. These 
support the application of MHSF-TBL for reusability of the productivity-based models for 
TBL modelling. The objective of these evaluations was the enhancement of the MHSF-TBL 
framework to ensure it fits within the TBL modelling in healthcare. 
 
Objective 5: Revise the TBL modelling framework (for the healthcare domain) (in 
relation to aim 2) 
Chapter 6 established the final MHSF-TBL on the basis of the knowledge gained from 
evaluations to refine the framework and propose the final MHSF-TBL for TBL modelling 
within the healthcare context. This evaluation helped the researcher identify the limitations of 
the MHSF-TBL for TBL-based model reusability, which could not be identified without 
practical evaluation. Subsequent to the evaluation studies presented in Chapters 4 and 5, the 
framework has been subjected to several amendments. With the presentation of the final 
MHSF-TBL, both aims of this thesis have be realised. 
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7.3 Contribution of this research 
7.3.1 Review of literature on application of M&S for SDEV analysis 
According to the findings, there is a dearth of studies on the application of M&S in addressing 
the TBL, particularly in healthcare sector. Moreover, challenges remain in developing, 
implementing and validating the models. The literature review also demonstrates an unequal 
treatment of economic, social and environmental factors among SOM studies that employ 
qualitative models (e.g. conceptual models) and those using quantitative/mathematical 
modelling (e.g. computer simulation). Informed by the literature review, developing models 
that respond to these TBL complexities is not a trivial task, as there is a requirement to ensure 
the models: (a) are applicable to the real world; and (b) consider all three SDEV pillars (TBL) 
in their analysis. These assumptions have been further investigated in the context of complex 
and uncertain systems; such as the TBL system. In an attempt to fill this gap, M&S techniques 
have been analysed and compared on the basis of technical and philosophical differences in 
terms of how they represent and interpret problems and systems, and the differences in their 
application.  
 
M&S studies are used widely in industry to gain insights into existing or proposed systems of 
interest. The majority of these studies focus on productivity-related measures to evaluate 
systems’ performance. However, this paradigm needs to shift in order to cope with the 
emergent requirements of SDEV as it is increasingly becoming an important issue in the 
managerial and the organisational agenda. The application of M&S to evaluate the often 
competing metrics associated with SOM is likely to be a challenge. Therefore, to fill this void, 
the researcher conducted a literature review to offer a synthesised view of M&S approaches 
that have been used previously to develop a model for addressing sustainability issues in all 
industries. It concludes with an investigation into why application of M&S techniques for 
SDEV analysis is challenging. Thus, one important contribution of this research is the 
provision of a comprehensive literature review, which establishes a set of scholarly 
contributions to the subject of modelling for SDEV analysis. To this end, a systematic 
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literature review was conducted to identify existing literature on the wide range of OR studies 
applied to healthcare with a focus on M&S techniques, and to classify studies based on 
application type and the OR technique employed. Furthermore, academic literature pertaining 
to the use of M&S in addressing SDEV issues has been analysed and categorised. . 
 
7.3.2 Development of TBL modelling Criteria 
The field of SOM can benefit from the identification of characteristics pertinent to TBL-based 
systems seen through the lens of a modeller. Engagement with literature has highlighted a 
current lack of studies adopting such an approach. Therefore, on the basis of literature review, 
this research presents the most important characteristics of such systems. Subsequent to the 
identification of the characteristics of the TBL modelling, this thesis analysed the TBL 
modelling from a methodology perspective. In this research, the methodology perspective 
refers to philosophical disciplines, technical abilities, limitations and intrinsic characteristics 
of the modelling method. The purpose of this work was to conduct a comparative analysis of 
the characteristics of SDEV against the capabilities of M&S techniques. It has been argued 
that this would subsequently help a modeller adopt the most appropriate technique for 
evaluating TBL-based systems. For such purposes, the researcher has proposed a set of criteria 
in order to objectively select a suitable M&S technique. Based on the best knowledge gleaned 
from existing literature, no such comparisons have been found in relation to the capabilities 
and inherent aspects of both methods; for instance, how the models represent and interpret, 
what the modelling elements of the models are etc. Since no studies are reported in the 
literature regarding the criteria of TBL modelling, the researcher has developed a set of 9 
criteria based on: (a) characteristics of TBL-based systems (Section 2.6.2); (b) domain 
knowledge in M&S (section 2.4); and (c) the limitations associated frequently with models 
found in literature (Tables 5 and 6). An ideal model is expected to demonstrate those criteria. 
The criteria can be used as a “benchmark” for identifying the most appropriate simulation 
technique for TBL modelling.  
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7.3.3 A case for Discrete-Continuous hybrid simulation for TBL modelling 
This thesis showcases the need for a Discrete-Continuous simulation approach for TBL 
modelling. It has been argued that the nature of the system being simulated is an important 
consideration as a close fit is required between the model/modelling technique and the system 
it represents (Morecroft and Robinson 2006; Pidd 2009). From a systems’ perspective, it is 
important to consider the impact a system will have as a result of stakeholder decision-making. 
This could either be long or short-term. To maintain sustainability of the underlying system, 
long and short-term questions need to be easily addressed by changing the level of abstraction 
of the underlying model. Long-term impact arises mostly from strategic decisions and should 
be composed into an “aggregate-level of analysis” in TBL modelling. Conversely, short-term 
impact is generally an outcome of operational-level decision making. The level of uncertainty 
demonstrated in such processes is high and concerns primarily the microscopic view (Tako 
and Robinson 2009; Chahal and Eldabi 2008). The processes with these characteristics should 
be analysed individually in greater detail. However, the research findings reveal the existence 
of very few studies reported in the literature (i.e. Gunasekaran and Irani 2014; Ratan et al. 
2010; Seuring and Muller 2008) that have used M&S in the context of SOM, and which have 
taken into account the strategic and operational-level strategies required to experiment in a 
simulated environment prior to implementation. Therefore, this research proposes using a 
hybrid simulation approach to cater for all the TBL modelling criteria identified in this 
research. According to the findings of this research, within the overarching SDEV-related 
theme, hybrid simulation could facilitate greater insights to problem solving where strategic 
questions (with possible long-term impact) may be answered more efficiency using scenarios 
developed using continuous models having the capability of aggregate analysis (lower level 
of detail), and scenarios developed using discrete-modelling techniques may be used for 
detailed-level analysis. The assertion is that a hybrid simulation approach will provide a more 
realistic representation of the underlying behaviour of the TBL system (vis-à-vis modelling 
using a single simulation technique). Realisation of this is essential for developing a 
framework to support TBL modelling.  
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7.3.4 M&S Framework for SDEV analysis in Healthcare Context 
As SDEV is becoming increasingly vital for all industries, dealing with its challenges is also 
becoming more complex and costly. Computer simulation could be a valuable tool for studying 
systems with high levels of complexity and uncertainty (Robinson, 2007). However, the 
literature review conducted for this research shows that the empirical research in this area is 
still in its infancy; particularly within the healthcare context. As discussed in the thesis, 
systems featuring SDEV characteristics (defined in this thesis as TBL-based systems) can be 
very complex and uncertain, particularly in healthcare, as they combine various subsystems 
consisting of many elements and stakeholders with very different interests. This research has 
identified the criteria of TBL modelling and has discussed the challenges modellers face in 
order to development a viable model that fits to those criteria. Therefore, it can be argued that 
TBL modelling may benefit from a framework to aid the development and analysis of such 
hybrid TBL-based models. Thus, to fill this gap in the literature, this thesis proposes a 
comprehensive M&S framework to guide the modellers in developing the model for SDEV 
analysis of healthcare systems.  
 
7.3.5 Re-using productivity-based models for TBL modelling 
Model reuse approach is appealing to the stakeholders, since it can reduce time and costs of 
the model development. Although the MHSF-TBL can be applied for reusing productivity-
based models for TBL modelling as well as developing TBL-based models from scratch, this 
research has argued that since developing and implementing existing productivity-based 
simulation studies have already consumed considerable time and resources, the priority of 
investigating the application of the framework for reusing these models for TBL modelling 
exceeds developing new TBL-based models. It has been argued in Chapter 3 that model reuse 
can decrease the costs associated with developing TBL-based models and, at the same time, 
can potentially increase the exploration of opportunities for model reuse amongst modellers in 
healthcare sector. 
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In this thesis, the MHSF-TBL was used in order to provide a discussion on reusability of 
existing productivity-based discrete models (DES and ABS) for SDEV analysis. This has 
resulted in using SD-DES and SD-ABS hybrid approaches for TBL modelling for two exiting 
healthcare case studies. Effort has been invested in evaluating the framework for the most 
applied simulation techniques used in healthcare context, namely DES and ABS, in order to 
support the application of MHSF-TBL for reusability of the productivity-based models for 
TBL modelling.  
 
7.4 Limitations 
The main concern of this study is to develop MHSF-TBL and evaluate its application for TBL 
modelling in a healthcare context, and the full assessment for validity of the actual TBL-based 
model was not the main concern of the research as the focus of this research is on evaluating 
the application of MHSF-TBL for re-using existing models for sustainability analysis. 
Therefore, the researcher made some compromises in identifying the TBL KPIs in reusing the 
discrete models and developing continuous models. Due to the limited time frame of this 
thesis, the number of TBL KPIs included in the models were limited to one KPI for each TBL 
pillars.  
 
In addition, as discussed in Phase II of the framework description in Chapter 3, there are two 
types of hybrid simulation practices; soft and hard. Both types are included in the framework 
description, but only the application of soft hybrid simulation for TBL modelling are evaluated 
in Chapters 4 and 5. Although this did not fall within the scope of this research, the researcher 
argues that without hard hybrid simulation, utility of the hybrid approach for TBL modelling 
could not be achieved to its full potential. Due to the lack of data and avoid complexity cause 
by custom programming, the researcher chose the soft hybrid simulation approach for TBL 
modelling. Nevertheless, the research also argues for the application of SSM for the 
conceptual formulation phase in the revised MHSF-TBL in order to enhance the validity of 
the final hybrid model developed using the soft hybrid modelling approach. 
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7.5 Future Research 
Future Work 1: Investigating the application of the MHSF-TBL framework for non-
healthcare contexts 
Although MHSF-TBL is a generic framework for TBL modelling, it has been evaluated only 
for healthcare modelling. There researcher believes that the application of the MHSF-TBL to 
other sectors should be investigated. This will increase the generalisation and use of the 
framework in M&S community. It is expected that for future research, the M&S experts from 
non-healthcare industries use this framework for reusability of the productivity-based models 
and developing new TBL-based models using case studies from their industry. 
 
Future Work 2: Investigating the application of the MHSF-TBL framework for 
developing new hybrid models 
As discussed in previous sections, the application of MHSF-TBL has investigated only model 
reusability in the healthcare context. In the future, it is hoped that the MHSF-TBL will be used 
to develop new TBL-based hybrid models from scratch. 
 
Future Work 3: Validating the models developed using the MHSF-TBL framework 
As explained in the research limitation section (section 7.3), the main concern of this study 
was to evaluate the application of MHSF-TBL for TBL modelling in healthcare context and 
the full assessment for validity of the TBL model was not the main concern of the research. 
Therefore, due to the several limitations including time, technical support and data availability, 
the researcher made some compromises in developing and combining the discrete and 
continues models (i.e. including limited TBL KPIs in the model). Therefore, the research uses 
currently the hard hybrid simulation approach in order to integrate the discrete and continuous 
models presented in Chapters 4 and 5 using the three steps discussed in the framework.  
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7.6 The researcher’s point of view on TBL modelling challenges 
In relation to reviewing the existing literature and limitations of existing empirical studies on 
TBL modelling, as well as the reflections from MHSF-TBL evaluation in Chapters 4 and 5, 
the researcher argues for a shift from normal to post normal modelling for SDEV analysis. 
This research indicated that modelling for SDEV analysis based on classical science 
disciplines is not feasible, since, classical science does not have sufficient capacity to 
understand phenomena such as SDEV. The remainder of this section explains this argument.  
 
The normal (classical) science is dominated by the concepts emerging from equilibria and 
optimality; therefore, perception and treatment of changes for scientists are rather easy to 
formulate and predict. According to the principle of distinction conservation (Heylighen, 
2007), “Classical science initiates with making as precise as possible distinction between the 
different components, properties and states of the system under observation”. Normal science 
is grounded in the Newtonian world view (reductionism concept), which implies that to 
understand any complex phenomenon, you need to take it apart (Vidal et al, 2007). The 
Newtonian reductionism idea advocates that mathematical models are reducing the elements 
of system variables to a “machine” to represent the observing system in a set of differential 
equations (Heylighen et al, 2007; Vidal and Marle, 2008). Bagheri and Hjorth (2007) argues 
that normal science is based primarily on Equilibrium and Optimality. In other words, there is 
only one rigid solution for all differential equations and only one optimum point for a system. 
Consequently, it is not valid for open systems, which include unpredictable, uncertain and 
sometimes idealistic factors that do not have a unique final state as “optimum or minimum”.  
Moreover, using reductionism view for studying complex systems coping with unpredictable 
and immeasurable factors (human, environment, etc.) factors which naturally cannot be 
studied separately and do not obey mechanistic laws, is not practically possible. This explains 
the reason why normal science ignores all issues related to social and ethical values. Clarck et 
al. (1995) argue that since traditional mathematical (quantitative) systems are only enable of 
functioning but not evolving so they are not capable of coping with structural changes in open 
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system. So, for dealing with such open systems’ shift to a post-normal mode is a critical change 
(Funtowicz & Ravetz, 1993).  
 
Post-Normal Science (PSN), mainly, has established to critique the Newtonian reductionism 
world view, which eliminates some uncertainties and social values associated to the observing 
system (Turnpenny et al., 2010; Ravetz, 2006). PNS is a problem-solving framework 
developed by Silvio Funtowicz and Jerome Ravetz in 1990 in order to study the 
underrepresented parts the management of complex science-related issues (Funtowicz and 
Ravetz, 1993). Funtowicz and Ravetz developed an argument claiming that sciences for 
dealing with SDEV issues differ profoundly from those involved in their generation (such as 
the applications of physics and molecular biology (Loeber, 2006). Hjorth and Bagheri (2006) 
argue that classical science almost concern with treating the “symptoms” but the post-normal 
science is exclusively concerns with treating the “cause”.  
 
Therefore, we argue that the most important factor for low adoption of M&S for SDEV 
analysis is the fact that M&S methodologies apply mainly mechanical concepts that rely on 
equilibria and optimality, while TBL-based systems entail constantly moving processes where 
the optimum point is not known in advance; therefore using traditional M&S disciplines is less 
likely to be useful when observing TBL-based systems. This is because it entails a large 
number of immeasurable factors that do not necessarily obey such disciplines. Therefore, the 
challenges and complexity of TBL modelling arguably is because modellers are trying to deal 
with these issues using normal science disciplines; it is similar to measuring the length using 
scale. 
 
On the basis of this argument, the research argues that the model should be considered as a 
backcasting method rather than a means of forecasting.  Therefore, future research could 
investigate the application of post-normal modelling for SDEV analysis.    
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Appendices: 
Appendix A: CLD and QSD Model 
 
 
 
Figure A.1: Screenshot of Vensim CLD Model for ABM-UHB Case Study in Chapter 4 
 
Figure A.2: Screenshot of Vensim CLD Model for LAS Case Study in Chapter 5 
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